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Abstract 
 
Preparation and Evaluation of Uranium Alloys Based on Fuel Burnup 
By 
Andrew J. Swift 
Dr. Ken Czerwinski, Examination Committee Chair 
Professor of Radiochemistry 
University of Nevada, Las Vegas 
 
 
Next generation fast reactor designs utilizing metallic fuel are being developed as an alternative 
fuel cycle option in an effort to reduce carbon emissions. Historically, oxide fuels have been the industry 
standard, but interest in metallic fuel systems has grown considerably due to their thermal conductivity, 
fissile atom density, inherent safety, and ability to reach progressively higher burnups. Chemical 
complexity of metallic fuel systems increase as a function of burnup from fission product ingrowth and 
associated fuel cladding chemical interactions (FCCI) brought on by elemental redistribution and phase 
formation. To date, the most extensive operational study for metallic fuel was performed at the 
Experimental Breeder Reactor II (EBR-II) in Idaho from the 1960’s to the early 1990’s. During its 
operation, thousands of U-Zr and U-Pu-Zr fuel pins with various ranges of composition, burnup, and 
FCCI were analyzed from post-irradiated examinations (PIE) of spent fuel. Since decommissioning EBR-
II, metallic fuel chemistry and fuel cladding studies for next generation reactors have become limited due 
to the lack of fast neutron irradiation facilities and data to support future designs. For this purpose, an arc 
melting procedure was developed for surrogate U-Zr and U-Pu-Zr burnup alloys with various fission 
product concentrations dependent on burnup. Scanning Electron Microscopy (SEM) and X-Ray 
iv 
 
Diffraction (XRD) were used for qualitative and quantitative compositional analysis. Combined 
Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) were used to 
determine thermal properties and phase transition temperatures. As cast alloys were implemented into 
diffusion couples with cladding components to determine FCCI.  Targeted research aims to reach ultra-
high burnups, where effects of increased burnup on fuel chemistry and FCCI must be understood to 
prevent eutectic formation and cladding breakdown. Data compiled in this work is compared to EBR-II 
for validation. Resulting data can be extrapolated to elevated burnups, yet to be studied experimentally, 
without the need of post-irradiated materials, thus increasing the knowledgebase to support next 
generation fast reactor development. 
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Chapter 1: Introduction  
 
Metallic fuel can provide an alternative energy source for carbon free energy production that is 
inherently safe and capable of reaching burnups much higher than current oxide fuel routes. Testing done 
at the Experimental Breeder Reactor (EBR-II) with U-Zr driver fuels and U-Pu-Zr test assemblies have 
historically provided the most extensive look at metallic fuel system behavior. Fuel chemistry and FCCI 
of these systems, especially at higher burnups, still need to be further evaluated to accurately predict and 
model behavior needed to develop next generation metallic fuel systems. For this purpose, a method for 
simulating high burnup metallic reactor fuel for U-Zr and U-Pu-Zr systems was developed. Surrogate 
burnup alloys were arc-casted and characterized by scanning electron microscopy (SEM), energy 
dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD). Thermogravimetric Analysis (TGA), 
Differential Scanning Calorimetry (DSC), and Diffusion couple analysis was performed to determine 
phase change temperatures and FCCI. Samples are compared to EBR-II post-irradiated experimental 
(PIE) data and can be utilized to fill data gaps at various burnups without the need for post-irradiated 
material. Peak burnups for EBR-II are around 20% and data acquired from this dissertation work can be 
extrapolated and aim to simulate burnups up to 30%.  
This dissertation consists of the introduction, experimental methods, alloy production, as cast 
burnup surrogates and alloy characterization, and thermal and diffusion analysis. In the experimental 
methods section, burnup surrogate preparation and elemental representation of each burnup are presented, 
along with analysis and characterization techniques.  
 In chapter 3, the production methods for burnup surrogates at various burnups are presented. 
Surrogate burnups of 15%BUU10Zr, 10%BU-U10Zr, and 7%BU-U10Zr were prepared for U-Zr systems. 
Surrogate burnup of 15%BU-Pu-U10Zr was prepared for the U-Pu-Zr ternary system. Lanthanide alloys 
were prepared to target lanthanide phase behavior. Production methods are presented by method, arc-
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casting breakdown, and pre-arc addition comparisons to theoretical values determined by burnup 
calculations.  
 In chapter 4, as-cast characterization of alloys defined in chapter 3 is presented. Sample 
morphology and constituent redistribution vary at different sampling locations of post irradiated fuel; 
therefore, multiple sampling points were required to determine general behavior of each sample. Sample 
characterization was done by SEM, EDS, XRD, and density. Samples are compared to post irradiated data 
from EBR-II. 
 In chapter 5, phase transition, solidus, and liquidus temperatures for burnup surrogates and other 
samples of interest were studied. Simultaneous thermal gravimetric analysis (TGA) and differential 
scanning calorimetry (DSC) was used to measure transition and solidus temperatures. Overall published 
data for phase transitions is lacking and peak positions and transition temperatures were matched to best 
fit peaks.  
 In chapter 6, FCCI analysis of burnup alloys surrogates was studied through diffusion couple heat 
treatments with cladding materials. The main cladding of interest is HT9. Diffusion coefficients and 
penetration depths were calculated from EDS maps and diffusion models to quantify FCCI interactions 
and verified against post irradiation data from EBR-II. 
 
1.1 Uranium and the Nuclear Fuel Cycle  
 
 Nuclear power generation is gaining renewed interest as a source of carbon free energy to 
mitigate climate change. Nuclear fuel cycles currently offer the most viable option for sustaining current 
and future electrical power grid demands without harmful greenhouse gas emission.
1,2
  As of 2016, 447 
nuclear power plants operating in 30 countries combined to produce the highest nuclear output in reported 
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history at 392 Gigawatts electric (GWe). This amounts to 11% of the world’s electrical energy generation 
and over 30% of low carbon electrical energy production. Currently, 61 new reactors are under 
construction, therefore low carbon nuclear energy production is only slated to increase.
3
  Of the reactors 
in operation today, 82% are light water moderated and cooled, 10.9% are heavy water moderated and 
cooled, 3.3% are light water cooled with graphite moderation, and 3.1% are gas cooled. Of the remaining, 
only three are liquid metal cooled fast reactors.
3
  
Nuclear power is generated when thermal energy released from fission produces steam to rotate 
turbines, converting mechanical energy into electricity. Current industrial nuclear fuel cycles (Figure 1-1), 
are divided into (1) the front end and (2) the back end. The front end consists of mining, refinement, 
enrichment, and fuel fabrication. Fabricated fuel is burned in situ to generate electricity at the power 
plants. Upon completion of the operational life cycle, used fuel advances to the back end.  The back end is 
where interim storage, reprocessing, and spent fuel waste disposal techniques are employed.
4,5
 
Reprocessing and waste storage vary depending on fuel cycle strategy and reactor design.
5
  
 The primary element of interest in the nuclear fuel cycle is U, which exists naturally as a 
composition of three isotopic forms, 
238
U (99.27 wt%), 
235
U (0.72 wt%), and 
234
U (0.005 wt%).
6
 Each 
isotope captures neutrons based on incident neutron energies (En). Typical thermal neutron energies are 
those with En ≤ 1eV
 
and fast neutron energies are those with En  ≥ 0.1MeV.
4,5
 Fission cross sections as a 
function of neutron energy demonstrate values for 
235
U than 
238
U (Figure 1-2). The fission of 
235
U occurs 
after thermal neutron capture (En = 0.025eV). The 
238
U isotope is fertile and breeds fissile 
239
Pu from fast 
neutron capture and subsequent decay reactions.
4,5,7
 Another fissile isotope, 
233
U, has gained interest, 
although it applies to thorium fuel cycles, where it is bred from Th blankets for fission.
2,5
 
The most predominant nuclear fuel produces energy through fission of isotopically enriched 
235
U. 
In the US, current reactors operate on uranium once through cycle with enriched UO2. In this strategy, 
enriched U is fabricated into fuel and irradiated. Spent fuel is stored for an interim time period and then 
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placed into a geological repository for long-term storage.
4,5,8
 For this purpose, the nuclear fuel cycle will 
mainly reference thermal neutron fission with others introduced as necessary. 
 
 
 
Figure 1-1. Fuel Cycle Alternatives. Annual flows of Materials for 10 GWe Light Water Reactor for 
Uranium Once Through Program are Indicated for Reference.
5  
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Figure 1-2. Neutron Induced Fission Cross Section for 
235
U and 
238
U as Function of the Neutron 
Energy(eV), En.
9
 
 
 The chemical conversion of U is required to obtain the appropriate form for isotopic enrichment 
and fabrication. The oxidation states of U are +3, +4, +5, and +6 and the manipulation of these states 
provides the theoretical basis for conversion and fabrication.
4
 Chemical extraction of U from ore is 
achieved by way of chemical leaching and purification into yellowcake uranium. Yellowcake is then 
converted to uranyl nitrate through dissolution and solvent extraction. Resultant products can then be 
converted to a series of chemical forms (Figure 1-3).
4,10
 After conversion, 
235
U isotopic enrichment is 
performed.
4,10
  Enriched U can then be fabricated into acceptable fuel forms dependent on nuclear reactor 
and fuel design.
4,5,10
 The most common fuel form is U oxide, however, other alternative fuel designs 
exist.
2,5
 For the purpose of this work, metallic U is of primary interest.
10–15
  
6 
 
 After use in the reactor, spent fuel is removed and transitioned to the back end. Spent fuel is first 
placed in interim storage for radiotoxicity reduction then either reprocessed or readied for waste 
disposal.
1–3,5,16
 Reprocessing is not currently done in the US, although known routes for metallic fuel 
recycling have been studied. 
7,11,13,14,16–19
 Waste fuel is typically stored at reactor sites or at geological 
repositories.
4,5
  
 
 
Figure 1-3. Flow Sheet for Uranium Fuel Cycle Compound Production
10
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1.2 Metallic Fuel and Oxide Fuel Comparison 
 
 The thermal fission of UO2 ceramic fuel in Light Water Reactors (LWRs) has been studied and 
used for over 60 years.
3–5,10
 Despite the operating experience, oxide fuel performance is still limited when 
compared to fast reactor technology. The introduction of  alternative fast reactor technology has provided 
a route to increased performance and sustainability other than LWRs.
4,5,7,20,21
 The concepts surrounding 
the fast neutron spectrum reactor are not new as they have been studied since the 1950’s with more than 
400 hours of reactor experience.
21
 To date, the most extensive study with fast reactor fuel was performed 
with metallic fuel at Experimental Breeder Reactor-II (EBR-II).
11–15,22
 For this purpose, metallic fuels are 
to be compared those of oxide fuel.  
The main issue with LWRs is the overall fissile energy density associated with 
235
U thermal 
fission.
4,5
 Oxide fuels are initially enriched to 3-5% 
235
U with ~1-2% 
235
U content retained in spent fuel, 
retaining over 95% of burnable U economy. Novel fast reactors on the other hand, operate through fast 
neutron irradiation of the 99.27% abundant 
238
U isotope to breed 
239
Pu for fission. The breeding reaction 
probability is amplified through increased production of neutrons per fission in the fast spectrum.
23,24
 
Increased production rates are sufficient to overcome neutron loss and fission cross section reduction, 
whereas the thermal region cannot (Figure 1-2).
9,23,24
 The enhanced isotopic abundance allows for 
increased energy production per unit mass by more than two orders of magnitude.
4,5,21
  
The fast fission spectrum is also capable of Transuranic (TRU) burning. 
4,5,11–14,21,22,25
 This allows 
the transmutation of TRUs into shorter lived isotopes, reducing the overall time period of storage. 
Transmutation can reduce high level waste from tens of thousands of years to hundreds and burn LWR 
spent fuel.
5,11
 
Inherent safety of metal fuel reactors compared to that of their oxide counterparts allows self-
shutdown without human intervention.
11,12,14,21,22
 In the case of off normal conditions, fuel temperature 
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coolant increases, causing fuel core expansion, and eventual neutron leakage to the point where self-
sustaining fission can no longer occur.  Increased thermal conductivity of metal fuel allows for enhanced 
thermal dissipation of heat on the fuel elements, making it more difficult to raise fuel temperatures. In 
comparison, metallic fuels and oxide fuels typically have thermal conductivities of ~20 W/mK and ~2 
W/mK, respectively. This increase in thermal conductivity is an order of magnitude greater, allowing 
much higher reactor transient power operation.
12,21,22
    
 
1.3 EBR-II 
 
 Irradiations at the EBR-II represent the main source of metallic fuel performance data and will 
serve as the baseline for all PIE data comparisons in this work. The EBR-II was a sodium cooled fast 
reactor that went critical in 1964 and operated for thirty years until decommissioning in 1994.
13,14
 Over 
the course of its operation, EBR-II was tasked with several different missions: (1) demonstrate the 
feasibility of a closed fuel cycle and reprocessing, (2) be the primary irradiation facility for fast reactor 
fuel and materials research, (3) provide testing and development for the Integral Fast Reactor (IFR) 
concept, and (4) the treatment of DOE spent fuel.
13
 Initial EBR-II fuel was a U-5wt%fissium (U-5Fs) 
alloy with a smear density of 85%.
11,13
  Fissium (Table 1-1) is derived from the equilibrium concentration 
of fission product elements from pyrometallurgical reprocessing.
26
 In the late 1960’s, initial testing with 
U-Zr was not showing favorable results as few pins reached burnups 4% or higher.
27
 The program was 
terminated, although pore interconnections and fission gas release demonstrations for solutions had been 
identified.
13
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Table 1-1. Fissium Composition.
26
 
Element Wt% 
U 95.00 
Mo 2.40 
Ru 1.90 
Rh 0.30 
Pd 0.20 
Zr 0.10 
Nb 0.01 
 
The increase in burnup demonstrated the capability of metallic fuels, although progression to U-
Pu-Zr fuels did not come about until the start of the IFR program around 1983.
11,13
 The IFR program from 
Argonne reinvigorated interest in metallic fuels, namely U10Zr. Ternary U-Pu-Zr assemblies were 
included later in EBR-II as experimental assemblies.
11,13,14,28
In 1985, initial IFR tests of U-Pu-Zr fuel 
were introduced into EBR-II with D9 and HT9 claddings. The experiments with D9 and HT9 cladding 
reached peak burnup of ~18 at% and ~20%, respectively.
11,13
  
Upon reactor shutdown, 16,811 U–Zr and 660 U–Pu–Zr fuel pins had been irradiated in EBR-II.12 
The fuel burnup of test assemblies registered elevated burnups, i.e. 19.3% and 19.9%. At time of 
shutdown, some assemblies of U-Pu-Zr fuel elements were still under irradiation. However, there was no 
indication that higher burnup values couldn’t be achieved.12 EBR-II amassed a large majority of fast 
reactor burnup performance during its three decades of operations and was ultimately responsible for the 
qualification of U10Zr alloys. 
 
1.4 U-Zr and U-Pu-Zr Fuels 
 
While U metal would be ideal, binary U-Zr was selected as the primary fuel for EBR-II for its 
performance, increased solidus temperature, and breed and burn capabilities.
11,13,14,28
  Fuels with only U 
10 
 
have reduced solidus temperature, leading to fuel pin failures and reactor issues.
11,13,14
 To understand this, 
the properties of U metal and the effects of Zr and Pu additions are outlined. 
Metallic U has three phases: α-orthorhombic (665 °C), β-Tetragonal (665 – 776 °C), and γ-body 
centered cubic (776-1135 °C).10,29 The allotropic forms of U can lead to recrystallization in fuels, 
accompanied by changes in fuel volume that can lead to mechanical failure or cladding breach.5 The  
irradiation behavior characteristic of αU is the dimensional instability from anisotropic growth and 
swelling of its crystal structure.11 Metallic U forms a variety of solid solutions in the α and β phases, 
where a large number of intermetallic compounds also form.  Some of the important intermetallics in this 
study are U6M and M2U (M=Fe,Ni).
11 Intermetallic phases with U and noble metals, such as Ru, Rh, and 
Pd, are also formed.11   
To increase solidus temperature, several refractory metal additives were studied to determine an 
acceptable alloying agent with high neutron transparency. Additives of Cr, Mo, Ti, and Zr were tested, all 
of which adequately raised the solidus temperature. The Zr however, showed the added ability to suppress 
interdiffusion of cladding components and fuel, allowing enhanced fuel-cladding compatibility.
27
 
Previous studies have shown Zr additions as small as 2% can stabilize the alloy phase.
30
 Other benefits of 
Zr include good corrosion resistance, low thermal neutron capture cross sections, and suitable mechanical 
properties.
31
 During irradiation, Pu ingrowth  increases fuel chemistry complexity and eutectic formation 
with its six allotropes and melting point of 640 °C.
5
 The ternary U-Pu-Zr has a higher complexity phase 
structure present and addition of lower melting Pu can induce lower melting eutectics in the fuel.
12
.  
Constituent redistribution is primarily caused by thermal gradients produced in metallic fuel with 
higher prevalence in the ternary fuel forms.
12
 The tendencies are based upon phase field boundaries 
created in the fuel.
12,32
 Overall, the Pu distribution remains rather homogenous.
11,12,25
 The Zr tends to 
migrate either towards the fuel center or the periphery, where thermal regions are hottest and coldest. The 
Zr migration towards the periphery helps to mitigate FCCI.
11
 The γZr enhancement at the center is 
beneficial as it raises the solidus temperature in the hottest portions of the fuel.
11
  The migration of Zr 
11 
 
towards the fuel center and periphery creates a depleted zone at the midradius.
11
 The higher temperatures 
at the fuel center promote γU temperatures and induce larger anisotropic swelling at the radial regions 
from αU enhancement at the cooler radial temperatures. Redistribution can lead to cladding breakdown.11 
Concentrations of Zr in U-Pu-Zr were limited to 10%wt. for alloys containing up 20%wt. Pu. If 
this limit was exceeded, higher concentrations of Zr could result in alloy liquidus points higher than fused 
quartz mold softening temperatures from the injection casting process.
33
 Without Zr in the U-Pu-Zr 
system, Ni and Fe would readily diffuse into the fuel.
11
 The main cladding materials tested without breach 
for U-Pu-Zr fuel performance were austenitic stainless steel, D9, and ferritic-martensitic steel, HT9, in 
which peak burnups of 18.4% and 19.9% burnup were achieved, respectively.
34
  
 
1.5 Burnup 
 
 Burnup is a measurement of fuel utilization with respect to total amount of fertile and fissile 
atoms consumed in fission reactions.
5
 Burnup values are traditionally reported in percentages or energy 
produced per initial ton of initially present atoms of fuel.
5
 When listed as a percentage, the value 
represents the number of initial heavy metals consumed. For the former, typical units are megawatt-days 
(MWd). To get the actual burnup, the number of MWd can be multiplied by a plant’s thermal power and 
then divided by the total mass of initial fuel loading (Eq.[1]).
5
  Metal fuel reactor burnups are much 
higher than that of their oxide counterparts. U-Zr alloys containing 10%wt Zr can achieve burnups around 
20%.
26
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𝐵𝑢𝑟𝑛𝑢𝑝 =
(𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 𝑃𝑙𝑎𝑛𝑡) ∗ (𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑇𝑖𝑚𝑒)
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐹𝑢𝑒𝑙 𝐿𝑜𝑎𝑑𝑖𝑛𝑔
 
Eq.[1] 
 
  
 In oxide fuel, fission gases, such as Cs and Te, can accumulate in the fuel-cladding gaps and 
induce corrosion and cladding failure.
35–37
 For metallic fuel, This is not the case, as pore network 
formation allows the release to the plenum
11,32,38
 Burnups from initial tests of metallic fuels were limited 
by the buildup of fission gases resulting in fuel swelling, increased internal pressures, and  fuel pin 
breach.
11–13,22
  This problem was addressed by increasing the fuel-cladding radial gap and adjusting the 
smear densities of fuels.
11–13,22
 This permits more room for thermal fuel expansion. Configurations with 
increased cladding gaps allow a 30% volume expansion before fuel element contact with cladding 
walls.
12,22
 After ~30% expansion is achieved, fission gas bubbles interconnect to form a porosity network 
within the fuel (Figure 1-4). The porosity network created allows for 80% of fission gas to be released 
into the plenum.
12,22
   The plenum is located at the top of the fuel rod and should be designed to handle the 
large volume of fission gases produced as burnup proceeds (Figure 1-5). For optimal performance of the 
U-Zr and U-Pu-Zr systems, it was determined that smear densities should be kept at or below 75% to 
account for fuel  porosity morphologies and fuel swelling
12
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Figure 1-4. Fission gas pore morphology in irradiated U10Zr fuel.
12
 
 
 
Figure 1-5. Sample Fuel Pin from EBR-II .
25
. 
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The majority of total fuel swelling is limited to the first few burnup percent (Figure 1-6). After initial 
burnup, the interconnected pore morphology allows for gas release to the plenum and further limiting 
swelling behavior.
11,21
  
 
 
Figure 1-6. General Swelling Behavior for Fuel Alloys. Fuel Length Increase as a Function of Burnup. 
All fuels Have Similar Initial Smear Density
11
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1.6 Fission Products and Cladding Interactions 
 
In this section, fission products and cladding are defined and described in reference to PIE from 
EBR-II and U-Zr metallic fuel. Cladding is a necessary component of nuclear fuel to maintain fuel 
integrity, provide a barrier with coolant and isolate the radioactive material.
39
 As burnup increases, the 
accumulated fission products affect the fuel’s stability and can interact with the cladding. This can lead to 
cladding failure and contamination of the coolant. This causes design concerns because the physical and 
chemical states of the fission products play a role in the fuels irradiation performance.
40
 The chemical 
interactions that take place at the fuel cladding interface are known as Fuel Cladding Chemical 
Interactions (FCCI). At higher burnups, fission products concentration increase and the amount of U 
decreases.  
Stainless steel cladding 316, D9, and HT9 were extensively studied for irradiations at EBR-II, 
with HT9 showing the least amount of interaction.
11–15,21,22,25,34,41
 Nominal cladding concentrations can be 
seen in Table 1-2.
15
 The buildup of fission gasses and subsequent fuel swelling was responsible for a large 
number of cladding failures (Section 1.5). However, fuel constituent migration, FCCI, and the associated 
fuel phases formed with the cladding also contribute to fuel pin failure. Liquid phases formed at the FCCI 
interaction sites cause cladding thinning and interdiffusion of fuel constituents, namely Ni, Fe, and 
lanthanides.
42
 The FCCI lead to the production of lower melting eutectic phases that can start as low as 
700 °C for U-Zr.
22
 At higher burnups, extensive penetration of fuel components into the cladding, and  
cladding components into the opposite phase below the eutectic temperatures can compromise  cladding 
integrity.
27
  
Enhancement of Cr is observed at the fuel-cladding interface with minimal penetration into the 
fuel.
15
 Maximum FCCI and diffusion was shown to occur in the U-Pu-Zr elements with D9 cladding, 
which has higher Ni content and the formation of a Ni depletion layer.
43
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Table 1-2. Nominal Compositions for Cladding Materials in wt%.
15
 
 
HT9 D9 316 
Ni 0.5 15.5 10-14 
Cr 12 13.5 16-18 
Mn 0.2 2 2(maximum) 
Mo 1 2 2-3 
Si 0.25 0.75 1(maximum) 
Ti - 0.25 - 
Cr 0.2 0.04 0.08 (maximum) 
W 0.5 - - 
V 0.5 - - 
S - - 0.03(maximum) 
P - - 0.045(maximum) 
*All Values Balanced with Fe 
 
Post-irradiation examination (PIE) studies of EBR-II data have summarized behavior of the fuel 
elements, fission products, and cladding constituents.
41,43,44
 Of all fission products and fuel elements, 
lanthanides have the largest penetration distances into the cladding, forming phases with Fe, Ni, and 
Cr.
15,41
 Of the fuel elements, U penetration into the cladding was highest for binary U-Zr fuel and Pu 
penetration was highest for ternary U-Pu-Zr fuel
15
 Of the cladding constituents, Fe and Ni penetrate 
deepest into the fuel, forming phases with U, Pu, and Zr. Near the fuel-cladding interface, particles of Zr, 
Mo, Tc, Ru, Rh, and Ru were found on the fuel side of the interface. A unique property of Pd is that is 
also binds with the lanthanides, with some Pd retained in the noble fission product phases. This dual 
property has been targeted as a potential route for mitigation of lanthanide FCCI by increasing Pd content 
of the fuel to preferentially bind lanthanides before they migrate to the cladding.
41
 Enriched Zr regions 
and rinds have shown the ability to mitigate FCCI at the interface and serve as a inhibit diffusion.
15,27
  
The fission products are of interest because their accumulation causes changes in the chemical 
and phase compositions. Some of these products dissolve into the chemical matrix and others will isolate 
as individual phases based on chemical conditions. The resulting phases created in the fuels can change 
the physiomechanical and thermophysical properties of the fuel.45 Fission products and other isotopes 
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formed from neutron capture reactions can be categorized into the following (1) fission gases, (2) noble 
metals, (3) lanthanides, and (4) Transuranics (TRUs).4,5 By definition, TRUs are not fission products; 
however they are produced from capture reactions in the fuel.  
Fission product distributions in nuclear fuel are important throughout the nuclear fuel cycle as 
they can impact fuel burnup, spent fuel storage, and most importantly fuel cladding chemical reactions 
that occur during reactor operation.4,5 The fissile and fertile isotopic nature of the fuel and neutron energy 
will determine fission product yields. Yield curves (Figure 1-7) can be used to approximate fission 
product distributions during reactor operation to better predict isotopic distributions for desired fuel.    
 
 
 
Figure 1-7. Neutron Induced Fission Product Yields from JAEA Nuclear Data Center. 235U, 238U, and 
239Pu are for thermal neutron yields (En = 0.025eV). 
238
U yields for En = 0.5MeV.
46
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Chapter 2: Experimental Methods and Instrumentation 
 
In this chapter, the experimental methods and instrumentation for preparation and analysis of 
burnup surrogate alloys are presented. Sampling regions are defined as burnup constituents grouped 
together by similarities in alloying behavior and chemistry. Chemicals and materials are presented by 
region and preparation conditions in Section 2.1 with surrogate burnup alloys of interest in Section 2.2. In 
general, sample constituents are grouped together with constituents of similar chemical and physical 
properties into regions to simplify burnup preparation. The four regions are (1) fuel elements, (2) high 
temperature region, (3) lanthanides, and (4) volatile species. Section 2.3 outlines elemental burnup 
calculations for the burnup surrogate alloys.  Elemental breakdown by burnup surrogate region (Table 
2-1) is outlined in section 2.4 along with cladding in section 2.5. Method developmental procedures for 
surrogate burnup alloy production are presented in section 2.6. Diffusion couple analysis techniques and 
associate calculations are in section 2.7. Instrumentation and thermal analysis techniques for alloy 
characterization and FCCI analysis are presented in section 2.8.  
 
2.1 Chemicals and Materials 
 
All radioactive samples were handled in accordance within approved laboratories using approved 
radiological protocols. High-efficiency particulate air (HEPA) filtered fume hoods and/or gloveboxes was 
used along with sample containment. Materials were handled with a combination of inert and standard 
atmospheric techniques. Air and water reactive samples were handled under inert conditions and 
transferred in mineral oil. Gloveboxes were maintained with catalyst purified Ar feed gas and 
atmospheric regeneration performed at least once every six months with H5 (95%Ar, 5%H2). 
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Regenerations were also performed when O2 levels exceeded 5 parts per million (ppm). All solvents used 
within the glovebox were anhydrous and stored under molecular sieves. 
Each metallic element was treated to prevent oxidation throughout the sample preparation 
process. Sample oxidation removal techniques include: mechanical polishing, metal filing, and chemical 
etching with nitric acid solutions. Metal sectioning was performed on a Struers Minitom variable speed 
saw. Samples could be mounted in epoxy for oxidation resistant sectioning with enhanced stability in the 
sample mount. In the case of Pu samples, a dedicated saw in an Ar glovebox. The glovebox atmosphere 
for the Pu sectioning box was maintained by Ar feed tanks without catalyst purification, as the main 
purpose was to provide containment. 
Elements were prepared for burnup alloys by greatest reactivity and oxidation potential, generally 
in the order of order of noble metals, lanthanides, fuel elements, and alkali earths. Samples less prone to 
air and water reactivity were handled on the benchtop or in a fume hood then transferred to inert 
conditions. Elemental representation by region and preparation methods can be seen in Table 2-1.  
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Table 2-1. Elemental breakdown by Region and Preparation Conditions. Samples are Listed in Order of 
Preparation. 
Sample Region Elements Conditions Preparation Conditions 
High Temperature 
Mo, Ru, Rh, and fission 
product Zr 
Benchtop 
Pellets pressed from metal powder 
stock 
Tc Fume hood 
Sectioned from Tc metal made by 
H5 reduction of NH4TcO4 
Pd Benchtop Sectioned from metal rod stock 
Lanthanides 
Nd, Ce, La, Pr, Sm, and 
Y 
Benchtop with glovebox 
storage under mineral oil 
Sectioned from metal rod stock 
Fuel Elements 
U Benchtop Sectioned from metal rod stock 
*Pu Glovebox 
Treated as received to reduce 
excess sample handling, mass 
loss, and contamination concerns 
Zr Benchtop Sectioned from metal rod stock 
Volatile Species Ba and Sr Glovebox 
Ba sectioned from metal rod stock 
and Sr sectioned form stock 
ingots. Oxides removed with 
metla files. 
*When used, Pu mass was determined first to calculate all other elemental masses in the sample 
 
 
2.2 Burnup Surrogates  
 
Molar fractions of fuel elements and fission products were calculated via neutronic burnup 
calculations provided by an outside nuclear technology company (Table 2-2). Molar fractions are for 
U10Zr and U-Pu-Zr based surrogates with fission product breakdown by scaled mass yields. Scaled mass 
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yields are calculated from the product of the molar fractions and the molecular mass. Contributions of Zr 
originate from U10Zr and fission product production affect target burnup values. The U mole fraction 
decreases and Zr increases during burnup, therefore excess Zr is added to retain target burnup values. The 
amount of Zr contribution from U10Zr for a target U mass, ZrU10Zr, is calculated in Eq.[2]. 
 
 𝑍𝑟𝑈10𝑍𝑟 =
1
9
∗ 𝑈𝑚𝑎𝑠𝑠  Eq.[2] 
 
Target U mass is determined from burnup surrogate mole fractions and elemental burnup calculations 
below in section 2.3 Additional Zr need is calculated by substituting Eq.[2] into Eq.[3], where, ZrFuel is 
the amount Zr from fuel elemental burnup calculations, and ZrFP is the amount Zr contributed from fission 
product calculations. 
 
 𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑍𝑟 𝑛𝑒𝑒𝑑 = (𝑍𝑟𝐹𝑢𝑒𝑙 + 𝑍𝑟𝐹𝑃) − 𝑍𝑟𝑈10𝑍𝑟  Eq.[3] 
 
 
Fission product mixture constituents are prepared separately and combined to account for their 
mole fraction. Target sample masses for each burnup are determined based on experimental conditions, 
such as, furnace chamber dimensions and material availability. Material availability for Pu was low and 
limited to only a few samples. All samples with Pu will be specified. For samples in which Pu was 
omitted, the Pu molar fractions were substituted with excess U.  
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Table 2-2. U10Zr and U10Zr-Pu Based Burnup Alloys of Interest with Fission Product Breakdown by 
Scaled Mass Yields 
Fuel Composition Mole Fraction Fission Product Mixture. 
 
U Zr Pu FP 
U-10wt%Zr (0% BU) 0.7750 0.2250 0.0000 0.0000 
U-10wt%Zr (7% BU) 0.6150 0.2140 0.0710 0.1000 
U-10wt%Zr (10% BU) 0.5810 0.2100 0.0690 0.1400 
U-10wt%Zr (15% BU) 0.5280 0.2030 0.0670 0.2020 
U-10wt%Zr with Pu (15% BU) 0.5280 0.2030 0.0670 0.2020 
     
Fission Product Breakdown 
Fission Product 
Average Molar 
Fractions 
MW(g/mol) Scaled Mass Yields (g) 
Mo 0.1128 95.9400 10.8220 
Ru 0.1062 101.0700 10.7290 
Zr 0.1035 91.2240 9.4440 
Nd 0.0852 144.2400 12.2920 
Pd 0.0771 106.4200 8.2090 
Ce 0.0521 140.1160 7.3040 
Ba 0.0404 137.3270 5.5510 
La 0.0289 138.9055 4.0100 
Rh 0.0285 102.9055 2.9320 
Pr 0.0258 140.9077 3.6400 
Tc 0.0258 98.0000 2.5260 
Sm 0.0234 150.3600 3.5220 
Sr 0.0181 87.6200 1.5830 
Y 0.0099 88.9059 0.8820 
 Total: 83.4460 
 
 
2.2.1 Lanthanide Alloys 
 
 Lanthanide phases observed within metal fuel burnup literature and throughout the course of this 
research were also prepared. Targeted lanthanide phases are of interest for their documented effect on 
FCCI.
43
 Lanthanide phase elemental concentrations are determined by experimental need and normalized 
to the components of the mixture.. 
 
2.3 Elemental Burnup Calculations 
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Burnup calculations were used to determine the constituent masses for all elements in the burnup 
surrogates. Molar fractions (Table 2-2) were converted to elemental concentrations and sample masses 
with Eq.[4]through Eq.[10]. Molar masses for U, Pu, and Zr are known
6
, and the fission product mixture 
molar mass, FPmm, is determined by Eq.[4]. The FPmm is determined from the summation of individual 
scaled masses, SM, of the fission products. 
 
 𝐹𝑃𝑀𝑀(𝑔) = ∑(𝑆𝑀) Eq.[4] 
 
 
Fraction values of Sm are first calculated using Eq.[5], where Myield is the burnup calculated molar 
fractions of each fission product, and Mmass is the elemental molar mass of each fission product element. 
Corresponding values are then substituted back into Eq.[4]to determine FPMM.  
 
 𝑆𝑚 = (𝑀𝑦𝑖𝑒𝑙𝑑) ∗ (𝑀𝑀𝑎𝑠𝑠) Eq.[5] 
 
Burnup calculated values of U, Pu, Zr, and fission product mixture molar fractions values are substituted 
into Eq.[6], along with their corresponding molar masses to determine mass conversion, FCM. The molar 
fraction of each fuel component is MF, and Mmass, is the fuel component molar mass.   
 
 𝐹𝐶𝑀 = (𝑀𝐹) ∗ (𝑀𝑀𝑎𝑠𝑠) Eq.[6] 
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Values are adjusted to target sample sizes through the use of a conversion factor, Cf. The Cf is calculated 
by Eq.[7], where Dm is the overall desired sample mass, and FCM is the sum of all fuel composition masses 
calculated by Eq.[6]. 
 𝐶𝑓  =  
(𝐷𝑚)
(𝑇𝐹𝐶𝑀)
 
 Eq.[7] 
 
Eq.[6] and Eq.[7] are combined into Eq.[8] to calculate sample component masses, SCM, based on target 
sample mass. 
 
 𝑆𝐶𝑀 = (𝐹𝐶𝑀) ∗ (𝐶𝑓)  Eq.[8] 
 
Fission product mixture sample component masses are further segmented into separate elemental masses 
represented within the mixture. A scale factor, Sf, similar to the conversion factor from Eq.[7], is 
calculated using Eq. [6], where SCM is from Eq.[8]and FPmm is from Eq.[4].  
 
 𝑆𝑓 =
(𝑆𝐶𝑀)
(𝐹𝑃𝑚𝑚)
 
Eq.[9] 
 
Substituting values from Eq.[8]and Eq.[9]into Eq.[10] desired masses, MFP, of each element in the fission 
product mixture are calculated.  
 
 𝑀𝐹𝑃 = (𝑆𝑚) ∗ (𝑆𝑓)  
Eq.[10] 
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2.3.1 Elemental Burnup Calculations with Pu 
 
All samples containing Pu were calculated based on measured Pu shipment masses. Moles of Pu 
are determined from Pu mass and a molar mass of 239 g/mol. Moles of Pu is used to convert all other 
theoretical masses from the Mole fraction, MF, for fuel compositions and elemental burnup calculations. 
The only deviation from Eq.[4] to Eq.[10] for Pu samples occurs in the conversion factor, Cf, in Eq.[7] 
For Pu samples, the conversion factor, CFPu, is calculated by Eq.[11] 
 
 𝐶𝐹𝑃𝑢 =
𝑀𝑜𝑙 𝑃𝑢
𝑃𝑢 𝑀𝐹
 
Eq.[11] 
 
CFPu can be resubstituted for Cf to calculate SCM, for U, Zr, Pu, and the fission product mixture with 
Eq.[8]. The mass for each fission product, MFP, can be calculated with Eq.[9]and Eq.[10].  
 
2.4 Burnup Surrogate Regions 
 
Burnup surrogate regions (Table 2-1) for alloy preparation are outlined in this section. Elemental 
representations of these regions are listed by origin and melting points (°C) in Table 2-3.  Melting points 
range from -157 °C to 2623 °C and highlight the complexity of incorporating all constituents into the 
surrogate burnup alloys. An initial melting point cutoff of 1600 °C was chosen as the maximum reliable 
furnace temperature. Samples above the 1600 °C cutoff were considered the high temperature region and 
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the other elements below the cutoff were divided into lanthanide and volatile species. The fuel elements 
were kept as their own region. 
 
Table 2-3. Burnup Surrogate Elemental Representation by Origin and Melting Point (°C) 
Element Origin Melting Point (°C) 
U Initial U-Zr Fuel 1132 
Pu 
Neutron capture 
on U 
640 
Zr Initial U10Zr Fuel 1855 
Mo Fission Product 2623 
Ru Fission Product 2334 
Zr Fission Product 1855 
Nd Fission Product 1024 
Pd Fission Product 1555 
Ce Fission Product 795 
Ba Fission Product 727 
La Fission Product 920 
Rh Fission Product 1963 
Pr Fission Product 931 
Tc Fission Product 2204 
Sm Fission Product 1074 
Sr Fission Product 769 
Y Fission Product 1552 
*Cs Fission Product 29 
*Te Fission Product 450 
*Rb Fission Product 39 
*I Fission Product 114 
*Xe Fission Product -112 
*Kr Fission Product -157 
*Not included in burnup surrogate samples 
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2.4.1 Fuel Elements, U-Pu-Zr 
 
 Depleted U (DU) and Zr originate from the manufactured fuel matrix; although some Zr does 
exists in the high temperature region from fission product production. Breeding reactions associated with 
the U-Zr metallic fuels produce Pu in the matrix. The base metal fuel system for the examined alloys is 
the U10Zr and U-Pu-Zr system with burnups and calculated mole fractions up to 15%BU. Stock material 
of α-U, U5Zr, and U10Zr alloys were obtained from Y-12 national security complex in Oak Ridge, TN. 
Chemical analysis of the starting materials resulted in 99.9% pure DU and U-Zr alloys of U5Zr and U9Zr 
by mass. The α-Pu metal was obtained from Los Alamos National Lab with isotopic purity of 94% 239Pu 
and 6% 
240
Pu.  
 
2.4.2 Fission Products 
 
  Noble gases Xe and Kr are chemically unreactive in the burnup surrogate alloys and are excluded. 
Fission product Cs, Te, I, and Rb were also not included in burnup surrogates due to sampling difficulty 
discussed in section 2.4.2.3. The remaining fission products are grouped into three main subsets, (1) high 
temperature region, (2) lanthanides, and (3) volatile species.  
 
2.4.2.1 High Temperature Region 
 
High temperature fission products (Table 2-1) include: Mo, Ru, Rh, Zr, Pd, and Tc. High 
temperature regions were prepared from metal powders with the exception of Pd and Tc. Metal powders 
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were pressed into 6 mm or 3 mm diameter pellets. Metal powders are vortexed prior to inclusion in the 
pellet and mass loss during pellet formation is assumed to be lost at the same mass ratios as added. Pre-
arc masses for each high temperature pellet constituent was calculated by Eq.[12], were X = Mo, Ru, Rh, 
and Zr. Remaining Pd and Tc were sectioned from metal rods and/or ingots based on material availability.   
 
 𝑃𝑟𝑒 𝐴𝑟𝑐 𝑀𝑎𝑠𝑠𝑋 = (
𝑃𝑟𝑒 𝑃𝑒𝑙𝑙𝑒𝑡 𝑀𝑎𝑠𝑠 (𝑋)
∑ 𝑃𝑟𝑒 𝑃𝑒𝑙𝑙𝑒𝑡 𝑀𝑎𝑠𝑠𝑛𝑋
) ∗ 𝑃𝑜𝑠𝑡 𝑃𝑟𝑒𝑠𝑠 𝑃𝑒𝑙𝑙𝑒𝑡 𝑀𝑎𝑠𝑠   
Eq.[12] 
 
 
The isotope 
99
Tc (t1/2 = 2.1 x 10
 
yr)  was used for this research.
47
 Metallic Tc was prepared via 
hydrogen reduction of NH4TcO4 and arc melted into stock material for use in the burnup alloys.
47,48
 The 
high temperature region was prepared first due to their oxidation resistance and noble behavior under 
normal conditions.  
 
2.4.2.2 Lanthanides 
 
The lanthanide region (Table 2-1) includes Nd, Ce, La, Pr, Sm, and Y. The elements were 
grouped together due to their chemical similarity of their trivalent (+3) state, separate phase formation in 
fuel, and melting points lower than the 1600 °C.
15,41
 Initially, lanthanide stock materials were foils but 
later switched to rods for a reduction in surface area to mass ratio; increasing oxidation resistance and 
mitigating overall sample loss.  
2.4.2.3 Volatile Species 
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 The remaining elements Ba, Sr, Cs, Te, I, and Rb make up the volatile species region. The 
constituents of this region are considered volatile due to their high vapor pressures under targeted 
temperatures and enhanced air reactivity. Each of these elements was handled under inert conditions.  
Stock Ba and Sr were received in metallic form and stored in a glovebox. Oxide surface layers were 
removed with metal files in the glovebox then placed directly into the sample chamber for alloy 
preparation.  
  Stoichiometric compounds of Cs and Te can be made.
49,50
 The Cs2Te showed the highest thermal 
stability and may serve as a potential route for incorporation into the alloys.
51
 Ultimately, experiments 
with Cs2Te were found to be unsuccessful in burnup alloy incorporation. Similarly, experiments with Rb 
and I returned the same results. For this reason, Cs, Te, I and Rb were left out as future studies and 
method development are needed for their accurate incorporation into the alloys. 
 
2.5 Cladding 
 
The 12Cr-1MoVW ferritic-martensitic steel, HT9, was investigated and irradiated at EBR-II as a 
potential cladding material.
13
 The nominal composition of HT9  (Table 1-2).
15,52
 Peak burnups reported up 
to 20%BU for irradiations with HT9 at EBR-II without cladding breach.
13,28
 Reported PIE performance 
from EBR-II led to the decision to use HT9 as the cladding of choice for this dissertation. Heat-treated 
barHT9 was received and used in FCCI and diffusion studies.  
 
 
 
30 
 
2.6 Method Development and Sample Preparation 
 
In this section, initial procedures for sample alloy preparation were developed over a series of 
furnace treatments, arc melting, and flop casting techniques. Each method is discussed in relation to 
burnup surrogate production and accurate elemental representation of alloy constituents. Prior to alloying, 
all sample oxides are removed with techniques defined in section 2.1 . 
 
2.6.1 Furnace Methods 
 
Standard furnace melting practices with an MTI 1800-X tube furnace were used to alloy surrogate 
burnup components prior to arc melting techniques. The furnace methods were primarily used for 
lanthanide segment alloying, as their volatility is low and their melting points were below the 1600 °C 
temperature cutoff. 
A test alloy of Nd-Ce-La-Pr-Sm-Y was made to assess the viability of the incorporation into 
burnup surrogates. Element masses were based on a 1 g sample mass. Metallic Ce was sectioned from 
stock rod and the others were from foils. The elements were heated in an alumina crucible under Ar to 
1500 °C at 5 °C/min with a 30 minute isothermal at maximum temperature. Surrogate materials were 
loaded into Al2O3 crucibles with Zr sponge oriented closest to the gas feed, allowing incoming Ar to be 
scrubbed for O2 prior to sample contact. Pre-alloyed mass values for the lanthanide elements and their 
associated errors can be seen in Table 2-4. Elemental errors were within reasonable error, with exception 
of Y.   
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Table 2-4.  Masses Added and Associated Errors for Nd-Ce-La-Pr-Sm-Y Alloy 
Element Rel Amount(g) Actual Mass Added(g) %Error 
Nd 0.3884 0.3715 4.3445 
Ce 0.2308 0.2413 4.5611 
La 0.1267 0.1278 0.8696 
Pr 0.1150 0.1101 4.2674 
Sm 0.1113 0.1067 4.1154 
Y 0.0279 0.0489 75.4745 
Totals 1.0001 1.0063 0.6200 
 
 
Isothermal sections at 1550 °C were included prior to sample cool down. Another sample of 
similar composition was heated under similar conditions with an increase in maximum temperature and 
isothermal hold times of 1600 °C and 90 minutes, respectively. Alumina crucibles were also coated with 
yttria to enhance thermal stability and mitigate oxidation. Both the samples and the Zr sponge oxidized ( 
Figure 2-1).  
 
 
Figure 2-1. Post Heat Treatment Lanthanide Alloys . (Left)  30min isothermal at 1550 °C hold in Al2O3 
crucible. (Right) 90min isothermal at 1600 °C hold in Y2O3 coated Al2O3 crucible. 
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Initially, the increase in temperature and isothermal temperatures was thought to overcome the 
oxidation issues associated with the furnace heating methods. This was not the case, as sample oxidation 
and insufficient melts continued to occur with subsequent sample runs. Oxidation sources in the setup 
stem from ceramic boats and ceramic tubes, where O2 diffusion from the alumina lattice can occur.
53
 The 
oxidation from ceramic sources and prolonged high temperature exposure led to method revaluation and 
the eventual shift to arc melting methods.  
 
2.6.2 Arc Melting Methods 
 
Inert atmosphere arc melting methods were employed to synthesize alloys with constituent 
melting temperatures in excess of 2600 °C. Common practices for preparing and refining alloys include 
vacuum induction melting, consumable electrode vacuum arc melting, non-consumable electrode vacuum 
arc melting, and bomb reduction.
54
 Initial arc melting procedures were adjusted from ASTM E1306 – 11 
as an operational guuidline.
55
 In this work, non-consumable vacuum arc melting with a tungsten electrode 
anode and water cooled copper hearth cathode was used. Sample charges were melted with a Miller 
Goldstar 302 power source and a Centorr VAC 5SA arc chamber. Prior to any sample charge melt, a Zr 
sponge is melted to scavenge O2. Arc melting setups can be seen below in Figure 2-2.  A reducing 
atmosphere of H5 was initially used for sample oxidation suppression; however, H5 was exchanged for 
Ar to prevent metal hydride formation. 
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2.6.2.1 Inert Atmosphere Arc Melting 
 
First test with arc melting procedures involved test melts with Zr to certify proper working 
condition. After initial checks, the sample chamber, electrode, and hearth were cleaned with solvents to 
remove unwanted contaminants. Charge samples are added to the sample hearth, loaded into sample 
chamber, and placed under vacuum. The sample chamber is purged 3-4 times. 
An electrical circuit is created in the system through controlled contact of the tungsten electrode 
with the sample hearth, sparking the electrical arc. Arc intensity is controlled by currents of 25-150 
amperes (A). The arc is reignited and passed over the charge sample. Alloying is obtained by electrical 
arc conduction through the metallic charge samples. Electrical arc temperatures in excess of 3000 °C are 
possible and  nonconductive chemical forms are volatilized, resulting in charge mass loss and/or total 
sample loss. For this reason, pre-arc charge masses susceptible to arc volatilization are loaded with excess 
mass and cooling times of at least 60 seconds between arcs. Once cool, charge samples are flipped and re-
arced at least three times to ensure adequate sample mixing and homogeneity. In the event of arc 
volatilization, chamber, electrode, and hearth cleaning was redone before subsequent arcs.   
 
2.6.2.2 Non-rad MAM-I Arc Melter 
 
The MAM-1 Arc melter ( Figure 2-2) was used for non-radioactive charge samples. The MAM-1 
has its own internal power source, generator, and VAC system. The potentiometer on the face of the 
melter is used to control the current applied and electrostatic charging in the chamber is dissipated by 
contacting the crucible plate prior to arc melting. The sample chamber is purged 2-3 times. The arc is 
ignited ~3 mm over the crucible plate and the potentiometer adjusted to desired value before the sample is 
melted. After sufficient cool down, the sample(s) are removed, chamber cleaned, and sample 
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homogenized.
56
 No burnup surrogates were prepared in the MAM-1, although several lanthanide and 
other non-rad fission product elements were arc melted in the MAM-1. 
 
2.6.2.3 Glovebox Arc Melter 
 
Samples with Pu required the use of a refabricated arc melter in a glovebox with (Figure 2-2). 
The same arc process from section 2.6.2.1 is applied with greater oxidation control and contamination 
control provided by the glovebox containment. Surrogate burnup constituents prepared on the benchtop 
(Table 2-1) are pumped into the glovebox and then all constituents arc melted at once.  
 
 
 
Figure 2-2. Arc Melter Setups Used For Burnup Alloy Production (Left) Fume Hood Arc Melter Setup 
(Middle) MAM-I For Non-Rad Samples (Right) Glovebox Arc Melting Setup. 
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2.6.2.4 Flop Casting 
 
 Flop casting was added to achieve desirable sample geometries.
57
 The sample flop involves a 
copper mold with a cylindrical hole in the middle (Figure 2-3). The sample is struck with an arc of 100-
150 A and the molten sample fills the copper mold.  The first sample mold used was a 10 mm x 35 mm 
copper cylinder with a 6 mm diameter hole. First attempts with U and U-Zr flop casting produced metallic 
cylindrical samples, providing baseline success for the casting process. Flop casting was applied to 
burnup surrogates to varying success and will be discussed only for samples in which it applies. No flop 
casting was done for Pu samples to avoid sample loss. Flop casting with circular molds was used for U, 
binary alloys and burnup surrogates. Flop casting was generally successful for U, binary alloys, and 
surrogate alloys of lower burnup percentages. Flop casting was also proven to work with lanthanide 
phases (Appendix 1-1).  
  
Figure 2-3. Flop Casting Vertical Section. A, alloy button prior to casting; B1, mold body (copper); B2, 
mold plug (copper); C, tungsten electrode; D, alloy ingot after casting; E, toroidal alloy discard; F, set 
screw to locate B2.
57
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The increase of fission product constituent concentrations at higher burnups led to flop casting 
issues.  Once the arc was applied, intense heat causes rapid gas expansion from the mold into the sample, 
resulting in sample void spaces formation. Isometric contact with the sample bead and trapped gas within 
the void was determined to be the issue. This issue was addressed by switching to 6 mm x 6 mm x 10 mm 
square molds, where non-isometric contact allows gas release from the mold. A square mold test with 
U10Zr casted from U5Zr and excess Zr was performed that demonstrates this phenomenon (Figure 4). In 
the image on the left, improper gas release is evident through void creation. In the image on the right, 
successful gas release is evident by the formation of the sample ingot.  
 
 
Figure 2-4. U10Zr from U5Zr Flop Cast in Glovebox Arc Melter. (Left) Failed Circular Flop Cast 
(Right) Successful Square Flop Cast. 
 
2.7 Diffusion Couples 
 
Alloys were subjected to heat treatment and diffusion experiments with cladding materials. Post 
heat treatment analyses provided information on kinetics, phase analysis, and FCCI. Nominal heat 
treatment periods of two months for each diffusion couple were conducted under inert atmospheres at 
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temperatures of 550 °C, 600 °C, and 650 °C. In some cases, furnace space was limited and couples were 
heat treated outside of glovebox atmospheres in nipple assemblies sealed under inert atmosphere.  
Samples are flattened and removed of gross oxide with sandpaper and oil-based solution. Then they 
are polished with 9 µm, 3 µm, and 1 µm with oil-based diamond suspended polishing solutions. Next, the 
samples are loaded into clamps such that neighboring samples are in intimate contact with each other. 
This prevents pressure points and subsequent influence on diffusion, which can skew results or even 
cause sample failure. A representative diffusion couple clamp and nipple assembly is seen below in 
Figure 2-5. 
   
 
Figure 2-5. (Left) Diffusion Couple Clamp (Right) Nipple Assembly 
 
 Samples are loaded into the clamp by order of interface (Chapter 6). Sections of Ta metal are 
placed in between the samples and clamp to prevent unwanted interactions. A spacer is added to provide 
pressure on the sample during set screw tightening with a torque wrench to 60 in/lbs. Stainless steel 
nipple assemblies were fabricated for an extra layer of oxidation security. The diffusion couple clamps are 
housed within the nipple assembly and sealed with a copper gasketed flange. Diffusion couples are heat 
treated and monitored with a NIST calibrated thermocouple for the desired heat-treatment times.   
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2.7.1 Diffusion Calculations 
 
The theoretical basis for each diffusion method is defined in this section and diffusion results are 
presented in Chapter 6. The diffusion models used in this work are error function fits, flat profile fits, and 
parabolic growth model. In many calculations a Matano Plane is required.  The Matano plane is the 
interface through which the number of atoms that have crossed in both directions is equal.
58
 Error profile 
curves are used when immeasurable diffusion rates are observed. For this model, diffusion coefficients 
are considered as the “upper limit” of diffusion (Section 6.2). The flat profile model is used for pseudo-
stoichiometric or stoichiometric formation with the majority of diffusion coefficients reported in this 
work. The main phases of interest to this study are the U6Fe and (Fe,Cr)2U for FCCI analysis.
43,44,59
 
Parabolic growth is used for non-uniform diffusion where a diffusion coefficient isn’t calculated.   
  
2.7.1.1 Error Functions 
 
 Diffusion in solid solutions mixing between two metals can be defined by solving Fick’s second 
law, resulting in a diffusing elements concentration as a function of time and distance to give Eq.[13]. 
 
 (𝑥) = ±(𝐶𝑠 − 𝐶0) erf [
𝑥 − 𝑋𝑀
2√𝐷𝑡
] + 𝐶𝑠  
Eq.[13] 
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The elemental concentration at the source (metal one) is Cs, and Co is the opposing metal concentration. 
The penetration depth in meters is X, and XM is the Matano Plane.
58
 The diffusion coefficient is D and, t, 
is the time in seconds. 
 For this model, D is a constant and can be calculated from a nonlinear least square fit from 
diffusion data. The starting position of the element being fit should be defined. For reference, if the 
element of interest originates from the left, then the negative form of Eq.[13] is used. The error function, 
erf(x), is determined by Eq.[14].  
 
 erf(𝑥) =
1
√𝜋
∫ 𝑒−𝑡
2
𝑑𝑡
𝑥
−𝑥
 
Eq.[14] 
 
2.7.1.2 Flat Profile 
 
 Solid solution diffusion is not always the case, as some stoichiometric or pseudo-stoichiometric 
phases occur during heat treatments. In these cases, diffusion coefficients are calculated by Heuman
60
 and 
Wagner
60
 and outlined with the U-Fe system by Huang et. al
59
, where U6Fe intermetallic layer was shown 
to have faster diffusion than UFe2. The diffusion coefficient, D, is calculated with Eq.[15].   
 
 𝐷 = 𝐽 ∙ ∆𝑥 
Eq.[15] 
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∆X, is the stoichiometric phase width (meter) measured in the SEM. J is the interdiffusion flux calculated 
by Eq.[16], where t is time in seconds. 
 
 𝐽 =
1
2𝑡
∫ (𝑥 − 𝑋𝑀)𝑑𝐶
𝐶∗
𝐶±∞
 
Eq.[16] 
 
The diffusing species concentration, C+∞, is in atomic fraction and is typically one or zero at the terminal 
ends. C* is the atomic fraction of the diffusing species at the position where flux is calculated, with 
penetration depth, x, in meters. XM once again is the Matano plane, determined by mass balance in 
Eq.[17]. 
 ∫ (𝑥 − 𝑋𝑀)𝑑𝐶
+∞
−∞
= 0 
Eq.[17] 
 
For concentration profiles that tend to be flat, integrations reduce to simple calculations of rectangular 
areas under the curve. 
 
2.7.1.3 Parabolic Growth 
 
Diffusion often occurs in non-uniform fashion, as seen in grain boundary diffusion associated 
with fission gas bubble diffusion in fuel swelling.
32,44,61
 For these scenarios, when a diffusion model 
cannot be applied, a parabolic growth constant, kp, is calculated. The rate of diffusion is not constant and 
decreases with time. The diffusion rate is inversely proportional to depth, defined in Eq.[18].   
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𝑑𝑥
𝑑𝑡
∝
1
𝑥
 
Eq.[18] 
 
Eq.[19] is derived by assigning an unknown constant of proportionality, kp/2, and solving the ordinary 
differential equation. 
 
 𝑥2 = 𝑘𝑝𝑡 Eq.[19] 
 
 
In ideal experiments, Kp would be determined from data fits with multiple heat treatments at 
various durations. In this work, the algebraic determination of Kp was performed, as most diffusion 
couples underwent single heat treatments per temperature. Kp can be used to calculate future diffusion 
depths, similar to diffusion coefficients.  
 
2.8 Instrumentation and Thermal Analysis 
 
2.8.1 Scanning Electron Microscopy  
 
Scanning electron microscopy (SEM) was used to determine elemental concentrations on as cast 
samples, as well as morphology, FCCI, phase analysis, and diffusion zone thickness for burnup surrogates 
and cladding materials. Qualitative and quantitative SEM results were obtained with a tungsten filament 
JSM-5600 SEM equipped with Oxford ISIS energy dispersive spectrometry (EDS) system. The EDS 
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system is capable of qualitative and semi-qualitative analysis in secondary electron (SE) and backscatter 
electron (BSE) modes. Samples were removed of surface oxide and adhered to the SEM stage with 
carbon tape. All reported values for wt% and at% SEM data have associated errors of approximately 
±1%. 
 
2.8.2 X-ray Diffraction 
 
Crystal structure and phase formation identification for sample interfaces and alloys was 
performed with X-ray diffraction (XRD). All samples were air sensitive and mounted with an airtight 
specimen holder to prevent oxidation. Each dome sealed XRD patterns includes a broad characteristic 
background hump in the first ten degrees. Patterns were taken on a Bruker D8 Advanced with Lynxeye 1-
D silicon strip detector and unconditioned Cu Kα X-rays over 0-120 degrees theta (θ) ranges. Sample 
indexing and Rietveld refinement was performed with Bruker AXS TOPAS and EVA software package. 
Samples were prepared by one of two methods. In the first method, samples were compressed into a clay 
base sample holder with a microscope slide to ensure a flat plane, even with the stage for proper height. 
For the second method, powder samples were placed onto a low background sample holder with a thin 
layer of vacuum grease as an adhesive.  
 
2.8.3 TGA/DSC 
 
Thermal analysis was used to determine phase transition and solidus temperatures for the burnup 
surrogates and other alloys of interest. Thermal measurements were performed with a Netzsch F1 Jupiter 
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simultaneous Thermogravimetric analysis and Differential Scanning Calorimetry (TGA/DSC) instrument. 
Prior to sample analysis, calibrations at each targeted crucible type and heat/cooling rate must be done.  
Calibration over the entire operating temperature range of the SiC furnace (25-1550 °C) was 
performed with Netzsch DTA/DSC calibration set of 8 metals (Serial# 2991). Temperature ranges of  
±100 °C around the sample melting point were selected.
62
  Standards were run for three heating and 
cooling cycles and the average peak values of the second and third melting peaks were for calibration.
62,63
 
The instrument was calibrated at ramp rates of 2.5, 5, and 10 kelvin per minute (Kpm). Initial purge and 
protective gas rates were both set to 20 mL/min, however, flow rates were changed to 20 mL/min and 50 
mL/min, respectively for improved data fidelity. Calibration standards and their ramp rates are in Table 
2-5. Average melting peak positions are fitted with a least squares fit, and calibrations are considered 
successful when corrected values for the standard melting point standards are ±3 °C of the theoretical 
melting point. The Ni standards were not performed for Pt crucibles due to unwanted interactions.
62
  
Calibrations were performed at least once a year, or as needed. Individual calibrations were 
required for each crucible type, measurement setup, and ramp rate. Initially, Al2O3 crucibles were used in 
analysis and later switched to Pt-5%Rh crucibles with Al2O3 liners for better thermal contact with the 
sample carrier. This was due to Al2O3 transparency to thermal radiation at higher temperatures. Corrected 
sample runs of metallic standards and U metal samples were completed after each calibration to ensure 
proper instrument performance. 
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Table 2-5. TGA/DSC Calibration Standards. 
Standard 
Melting Point 
(°C) 
Temperature Range 
(°C) 
Indium (In) 156.6 20-260 
Tin(Sn) 231.9 120-360 
Bismuth(Bi) 271.4 190-400 
Zinc(Zn) 419.6 340-485 
Aluminum(Al) 660.6 540-780 
Silver(Ag) 961.8 842-1062 
Gold(Au) 1064 930-1170 
*Nickel(Ni) 1455 1300-1550 
*Not used for Pt Crucibles  
 
 
 Table 2-6. Sample Carrier Calibrations  
Crucible 
Rate 
(kpm) 
P2
a 
(mL/min) 
PG
b 
(mL/min) 
Date  
Started 
Date Completed 
Al2O3 20 20 20 26-Sep-17 6-oct-17  
Al2O3 2.5, 5, and 10 20 20 9-Oct-17 17-Oct-17 
Al2O3 2.5, 5, and 10 20 20 14-Mar-18 26-Mar-18 
Al2O3 5 20 20 16-Aug-18 23-Aug-18 
Pt-Al2O3 5 50 20 4-Sep-18 11-Sep-18 
Pt-Al2O3 2.5 and 10 50 20 24-Oct-18 31-Oct-18 
Pt-Y2O3 2.5, 5, and 10 50 20 30-Nov-18 10-Dec-18 
a
Purge Gas 
b
Protective Gas 
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Chapter 3: Burnup Surrogate and Alloy Production 
 
Surrogate burnup alloys from base U-XZr, where X = 0, 5, and 10%wt, to 15%BU, with and 
without Pu were prepared by arc-casting methods outlined in Section 2.6.2. Burnup surrogates were 
analyzed for sample loss to determine the optimal arc-casting method. Samples were prepared in batch 
quantities and casting summaries have been included for all burnup surrogates. Lanthanide alloy systems 
of targeted phases were also prepared. Not all samples produced in this study of fuel burnup alloys have 
been included in this dissertation. Failed arc melting samples have aided in the development and 
refinement of the sample preparation process, but did not receive subsequent analysis and are not further 
discussed in this work. 
 
3.1 Fuel Alloy Production 
 
High temperature metals, lanthanides, U, U5Zr, U10Zr, Ba, and Sr were prepared for alloys as 
described in Section 2.1. In some instances, sample availability of stock material required the in-house 
production of U10Zr from U5Zr and excess Zr. In-house U10Zr is identified and outlined for applicable 
burnup surrogate synthesis steps discussed later in this chapter. In this section, the general procedure is 
defined for burnup surrogate and lanthanide alloy production. Alloys are summarized by burnup 
percentage with sample specific preparation listed in Appendix-II.  
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3.2 General Alloy Production Procedure 
Theoretical masses were calculated for individual burnup constituents from mole fractions and 
scaled mass yields (Table 2-2). A target sample of four grams was used for burnup surrogates without Pu. 
For burnup surrogates with Pu and lanthanide alloys, target masses were sample specific and defined in 
their preparation method. The U or U-Zr content is always placed atop the other samples during casting, 
as the large thermal mass shields the smaller constituents from arc volatilization. Sub-alloy preparation 
was performed in the same order as described in (Table 2-1). Initially, smaller subsets of burnup 
constituents were included to reduce handling complexities associated with the wide range of elements. 
Sub-alloy arc melts were later discarded to minimize sample loss through overall arc count reduction. 
Alloys were flipped and re-arced for homogenization. When applicable, flop casting was performed, and 
it was omitted when material availability was low. Arc casted alloys were mounted in epoxy and 
sectioned for diffusion experiments, SEM, and thermal analysis described in Chapters 4 through 6. 
Annealing of arc-casted surrogates was initially included, but later omitted as to not influence burnup 
surrogate chemistry prior to sample analysis. By removing the annealing step, it was believed that 
constituent redistribution
25,32
 would be more indicative of reactor operation. 
 
3.2.1 15%BU-U10Zr Burnup Surrogates 
 
Alloys with 10% Zr at 15% were the highest burnup percentages examined. Two sample batches 
consisting of flop casted and non-flop casted sample sections were prepared. A third squareflop batch was 
also casted. Theoretical sample mass calculations for fuel and fission product elements are in Table 3-1. 
Sample preparation and individual constituent breakdowns are listed in Appendix 4. Pre-arc masses for 
each batch are tabulated in Table 3-2. 
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Table 3-1. Theoretical Mass Calculations for 15%BU-U10Zr Burunp Alloys at 4 gram Sample Size 
15%BU-U10Zr 
Element M fraction 
M Mass 
(g/mol) 
Mass 
(g) 
Conversion 
Factor 
Sample 
Mass (g) 
U 0.5280 238.0300 125.6798 
0.0226 
3.2009 
Pu 
(Substituted with U) 
0.0670 239.0000 16.0130 n/a 
Zr 0.2030 91.2240 18.5185 0.4183 
Fission Product 0.2020 83.4460 16.8561 0.3808 
  
Total: 177.0674 N/A 4.0000 
 
 
Table 3-2. 15%BU-U10Zr Pre-Arc Mass Breakdown by Batch 
Element 
Theoretical  
Mass (g) 
15%BU-U10Zr Burnup Surrogate Batch 
Flop Casted 
Mass (g) 
Non-Flop Cast 
Mass (g) 
Square Flop Cast 
Mass (g) 
U 3.2009 3.2114 3.2105 3.2024 
Pu N/A N/A N/A N/A 
Zr 0.4183 0.4616 0.4098 0.4183 
Fission Product 0.3808 0.4645 0.4624 0.4539 
Total 4.0000 4.1375 4.0827 4.0746 
 
 
3.2.1.1 15%BU-U10Zr Batch Summary 
 
Batch one was flop casted with a circular mold, batch two was not flop casted, and the third batch 
was flop casted with a square mold. Method development was ongoing and each batch had deviations in 
sample preparation. Flop casted and non-flop casted batches were synthesized with sub-alloy melts, 
whereas the square-flop was not. For flop casted 15%BU-U10Zr, additional Zr was added to the high 
temperature pellet to account for masses below the theoretical value. For non-flop casted 15%BU-U10Zr, 
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oxide buildup during sample storage resulted in additional surface oxidation removal. For 15%BU-U10Zr 
square-flop, in-house U10Zr (Table 3-3) was used. Batch one was the only sample annealed. The resultant 
square-flop sample is in Figure 3-1.  
 
 
Table 3-3. Theoretical and Actual Calculations for U10Zr in Square-Flop 15%BU-U10Zr. Wt% Included 
for Concentrations of U and Zr in U10Zr. 
U10Zr from U5Zr and excess Zr 
Theoretical Actual 
Constituent Mass(g) Wt% Constituent Mass Wt% 
Mass U5Zr 3.3693 N/A U5Zr Added 3.3709 N/A 
U from U5Zr 3.2009 95 Excess Zr (Disc) Added 0.2498 N/A 
Zr from U5Zr 0.1685 5 U Added 3.2024 88.45 
Addit. Zr Need 0.2499 N/A Zr Total 0.4183 11.55 
Total U + Zr 3.5378 N/A Total U + Zr 3.6207 100.00 
 
 
 
 
Figure 3-1. 15%BU-U10Zr Square Flop Burnup Surrogate. 
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The casting summary for all sample batches is tabulated in Table 3-4. Mass loss per arc were 
consistent, and larger arc totals had higher total mass losses. This shows a sample dependence on total 
applied arcs and therefore should be limited. The overall number of arcs can be reduced by limiting flop 
cast attempts, as both flop casted samples required additional melts. The non-flop casted sample total 
mass loss was also enhanced by extra oxide removal steps. The square mold was shown to achieve sample 
casting when the circular mold failed (Section 2.6.2.4 ). All sample values are below the theoretical four 
gram target 
 
Table 3-4. 15%BU-U10Zr Arc Casting Summary.  
Average Arc: 10 
Maximum Total Sample Loss: 15%BU-U10Zr Flop Casted at 0.1717 g 
Minimum Total Sample Loss: 15%BU-U10Zr Non-Flop Casted at 0.0928 g 
 
Sample 
Final  
Mass (g) 
Mass  
Loss (g) 
%Mass 
Loss 
Arc  
Total 
Mass Loss/Arc 
 (g/Arc) 
15%BU-U10Zr Flop Casted 3.9658 0.1717 4.330 11 0.0156 
15%BU-U10Zr Non-Flop Casted 3.9899 0.1181 2.960 8 0.0116 
15%BU-U10Zr Square Flop 3.9565 0.0928 2.346 11 0.0107 
* All samples listed chronologically 
 
3.2.2 10%BU-U10Zr Burnup Surrogate 
 
A sample of 10%BU-U10Zr was prepared (Table 3-5). Sample preparation and individual 
constituent breakdowns are listed in Appendix 2.2.  
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Table 3-5.10%BU-U10Zr Pre-Arc Mass Breakdown by Batch 
Element M fraction M Mass Mass(g) Conversion Factor 
Mass 
needed (g) 
Mass Added(g) 
U 0.5810 238.0300 138.2954 
0.0215 
3.3354 3.3325 
Pu  
(Substituted with U) 
0.0690 239.0000 16.4910 N/A N/A 
Zr 0.2100 91.2240 19.1570 0.4128 0.4397 
F.P. 0.1400 83.4460 11.6824 0.2517 0.3253 
  
Total: 185.6259 N/A 4.0000 4.0975 
 
 
 
3.2.3 7%BU-U10Zr Burnup Surrogates 
 
Three alloys with 10% Zr at 7% burnup were prepared. The 7%BU-U10Zr were the last U10Zr-
based burnup surrogates prepared in this work and represent the most advanced version of arc melting 
method development at the time of their preparation (Table 3-6). Pre-arc masses for each batch are 
compared in Table 3-7. Sample preparation and individual constituent breakdowns are listed in Appendix 
2.3.  
 
Table 3-6. Theoretical Mass Calculations for 7%BU-U10Zr Burnup Alloys at 4 gram Sample Size 
7%BU-U10Zr 
Element M fraction 
M Mass 
(g/mol) 
Mass (g) 
Conversion 
Factor 
Sample 
Mass (g) 
U 0.6150 238.0300 146.3885 
0.0209 
3.4171 
Pu 
(Substituted with U) 
0.0710 239.0000 16.9690 N/A 
Zr 0.2140 91.2240 19.5219 0.4084 
F.P. 0.1000 83.4460 8.3446 0.1746 
  
Total: 191.2240 n/a 4.0000 
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Table 3-7. 7%BU-U10Zr Pre-Arc Mass Breakdown by Batch 
Element 
Theoretical  
Mass (g) 
7%BU-U10Zr Burnup Surrogate Batch 
Batch 1  
Mass (g) 
Batch 2  
Mass (g) 
Batch 3  
Mass (g) 
U 3.4171 3.4115 3.4106 3.4171 
Pu N/A N/A N/A N/A 
Zr 0.4084 0.3791 0.4065 0.4275 
Fission Product 0.1746 0.2555 0.2322 0.2334 
Total 4.0000 4.0460 4.0493 4.0780 
 
 
Batch one Zr excess was not included and decreases the Zr concentration lower than theoretical 
values (Appendix 2-9). Batch two and three used U10Zr from U5Zr and excess Zr, whereas batch one 
used stock U10Zr. All lanthanides were arc melted with fuel element and high temperature constituents. 
The Ba and Sr were added and melted with the other burnup constituents. Flop casting was omitted from 
all batches. 
The casting summary is tabulated in Table 3-8. On average, sample loss per arc was lowest for 
batch one and remained consistent between batches two and three. If the theoretical mass of Zr excess 
was included, the total pre-arc additions would have been 4.0944 g.  Assuming no loss of excess Zr, the 
associated theoretical final sample mass would have been 4.0469 g with a 0.0059 g/arc loss. The trend in 
the data remains the same regardless of value for batch one. Batch two had the highest total mass loss, 
which can be attributed to increased arc volatilization of oxide accrued during long term storage. 
Minimization of sample arcs and reduction of oxidation exposure are the main takeaways from 7%BU-
U10Zr.  Lessons learned from these batches were adopted by subsequent burnup surrogate preparation of 
Pu-containing samples.  
 
52 
 
Table 3-8. 7%BU-U10Zr Arc Casting Summary 
Average Arc: 7 
Maximum Total Sample Loss: 7%BU-U10Zr Batch 2 at 0.0769 g 
Minimum Total Sample Loss: 7%BU-U10Zr Batch 1 at 0.0475 g 
 
Sample 
Final  
Mass (g) 
Mass  
Loss (g) 
%Mass 
Loss 
Arc  
Total 
Mass Loss/Arc  
(g/Arc) 
7%BU-U10Zr Batch 1 3.9985 0.0475 1.188 8 0.0059 
7%BU-U10Zr Batch 2 3.9724 0.0769 1.936 7 0.0110 
7%BU-U10Zr Batch 3 4.0201 0.0579 1.440 5 0.0116 
*All samples listed chronologically 
 
 
3.2.4 U15%BU-Pu-U10Zr Burnup Surrogates 
 
 Arc-casting with Pu burnup surrogates was adapted from the general production procedure 
(Section 3.2). Prior to Pu inclusion, test alloys with U-Ce surrogate were arc-casted for method validation 
of the glovebox process. Two batches at 15% burnup with 10% Zr and ~9% Pu were prepared. 15%BU-
Pu-Zr batches represent the final method developed for burnup surrogate preparation. Each batch had 
varying Pu masses with theoretical calculations and pre-arc masses, tabulated in Table 3-9 and Table 
3-10. Sample preparation and individual constituent breakdowns are defined in Appendix 2.4. 
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Table 3-9. Pre-Arc Masses for 15%BU-Pu-U10Zr Batch 1. 
15%BU-Pu-U10Zr Batch 1 
Element 
Theo. M 
fraction 
M Mass 
(g/Mol) 
Mass(g) 
Conversion 
Factor 
Mass 
Needed (g) 
Calc. Mol.  
Fraction 
Mass  
Added(g) 
U 0.5280 238.0300 125.6798 
0.0178 
2.2376 0.5280 2.2371 
Pu 0.0670 239.0000 16.0130 0.2851 0.0670 0.2851 
Zr 0.2030 91.2240 18.5185 0.3297 0.2030 0.2486 
F.P. 0.2020 83.4460 16.8561 0.3001 0.2020 0.4609 
  
Total: 177.0674 N/A 3.1526 1.0000 3.2317 
 
 
Table 3-10. Pre-Arc Masses for 15%BU-Pu-U10Zr Batch 2. 
15%BU-Pu-U10Zr Batch 2 
Element 
Theo. M 
fraction 
M Mass 
(g/Mol) 
Mass(g) 
Conversion 
Factor 
Mass 
Needed (g) 
Calc. Mol. 
Fraction 
Mass 
Added(g) 
U 0.5280 238.0300 125.6798 
0.0085 
1.0737 0.5280 0.9112 
Pu 0.0670 239.0000 16.0130 0.1368 0.0670 0.1368 
Zr 0.2030 91.2240 18.5185 0.1582 0.2030 0.1481 
F.P. 0.2020 83.4460 16.8561 0.1440 0.2020 0.2025 
  
Total: 177.0674 N/A 1.5127 1.0000 1.3986 
 
 
3.2.4.1 U15%BU-Pu-U10Zr Batch Summary 
 
Sample batches were arc-flipped three times and all hearths and electrodes were cleaned in 
advanced to minimize lag time. A high temperature pellet was prepared and then arced with all other 
constituents. No flop casting was performed and final burnup surrogates were mounted in epoxy and 
cured inside the glovebox. The casting summary is tabulated in Table 3-11. The largest sample loss was 
observed for batch one and loss per arc values remained consistent. 
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Table 3-11. 15%BU-Pu-U10Zr Arc Casting Summary. 
Average Arc: 3 
Maximum Total Sample Loss: 15%BU-Pu-U10Zr Batch 1 at 0.0407 g 
Minimum Total Sample Loss: 15%BU-Pu-U10Zr Batch 2 at 0.0376 g 
 
Sample 
Final  
Mass (g) 
Mass  
Loss (g) 
%Mass 
Loss 
Arc  
Total 
Mass Loss/Arc  
(g/Arc) 
15%BU-U10Zr Batch 1 3.1910 0.0407 1.275 
3 
0.0136 
15%BU-U10Zr Batch 2 1.3610 0.0376 2.763 0.0125 
* All samples listed chronologically 
 
 
Initially, batch two constituent masses were calculated from a Pu mass of 0.1160 g, where the actual value 
was later determined to be 0.1368 g. All theoretical masses were calculated from the incorrect value, 
although the same surrogate preparation steps were used. This discrepancy is responsible for a 10% 
deviation in final mass compared to the expected value for batch two. 
 
3.3 Burnup Surrogate Casting Summary 
 
A combined chronological comparison of surrogate burnups prepared in this work is summarized 
in Table 3-12. Trends in the data shows a general decline in applied arc count as the method was 
improved over time. Arc count was reduced through removal of sub-alloy melts and flop casting, 
resulting in a trend of decreased total mass loss. The first samples prepared saw the largest total mass 
losses, with 15%BU-U10Zr reporting the highest. The elevated results of the 15%BU binary surrogates 
also indicate that increased fission product concentrations give rise to arc volatilization. The 10%BU-
U10Zr surrogate did report the lowest total mass loss on average, although only one sample batch was 
synthesized. For multiple batch binary U-Zr burnups, 7%BU reported the best performance as they were 
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the prepared after the others. Outside of the 10%BU-U10Zr, batch two of 15%BU-Pu-U10Zr recorded the 
lowest overall total mass loss. This sample had the lowest arc count and was the last sample synthesized 
in the study.  In conclusion, glovebox arc-casting in the glovebox with three homogenization melts and 
without sub-alloy melts produced the best results. 
 
Table 3-12. Burnup Surrogate Casting Summary. Samples are listed in Chronological Order with Arc 
Casting Information Reported.  
Alloys Average # Arc Average Loss(g) 
15%BU-U10Zr 10 0.0126 
10%BU-U10Zr 13 0.0067 
7%BU-U10Zr 7 0.0095 
15%BU-Pu-U10Zr 3 0.0131 
 
 
Alloy Mass Loss(g) 
Maximum Total Sample Loss 15%BU-U10Zr Flop Casted 0.1717 
Minimum Total Sample Loss 15%BU-Pu-U10Zr Batch 2 0.0376 
 
*Sample Final Mass (g) Mass Loss (g) Arc Total Mass Loss/Arc (g/Arc) 
15%BU-U10Zr Flop casted 3.9658 0.1717 11 0.0156 
15%BU-U10Zr Non-Flop 
Casted 
3.9899 0.0928 8 0.0116 
10%BU-U10Zr 4.0100 0.0875 13 0.0067 
15%BU-U10Zr Square Flop 3.9565 0.1181 11 0.0107 
7%BU-U10Zr Batch 2 3.9724 0.0769 7 0.0110 
7%BU-U10Zr Batch 3 4.0201 0.0579 5 0.0116 
15%BU-Pu-U10Zr Batch 1 3.1910 0.0407 3 0.0136 
15%BU-Pu-U10Zr Batch 2 1.3610 0.0376 3 0.0125 
*All samples listed chronologically 
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3.4 Lanthanide Alloys 
 
3.4.1 Nd-La-Pr-Sm-Y Alloy 
 
A lanthanide model alloy was arc-casted by the fume hood arc method (Chapter 2). Normalized 
mole fractions and pre-arc mass information are in Table 3-13.  Molar fractions were used to calculate 
constituents to masses and weight percentages similar their elemental production from neutronics 
calculations. The sample was arc and flipped twice with all constituents simultaneously for a final mass of 
0.5618 g. Total sample loss was 0.0585 g at 0.0293 g/arc.  
 
Table 3-13. Nd-La-Pr-Sm-Y Alloy Pre-Arc Masses. Constituents Normalized by Mole Fraction. 
Element AVG Molar Fraction Mole Fraction Mass Added(g) Wt% 
Nd 0.0852 0.4919 0.3891 50.57 
La 0.0289 0.1669 0.1261 16.39 
Pr 0.0258 0.1490 0.1151 14.96 
Sm 0.0234 0.1351 0.1108 14.40 
Y 0.0099 0.0572 0.0284 3.69 
 
Total: 1.0000 0.7695 100.00 
 
 
3.4.2 Binary Lanthanide Alloys 
 
Some noticeable soot formation was observed in the sample hearth after arc melting the Nd-La-
Pr-Sm-Y alloy. The soot formation can be attributed to arc volatilization and binary alloys of La-Pr, and 
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Sm-Y were prepared to determine the source. Samples were arc melted in the same manner as Nd-La-Pr-
Sm-Y.  The La-Pr was arc-casted but the Sm-Y binary failed and exhibited noticeable yellowish-green 
oxide residue (Figure 3-2). 
 
 
Figure 3-2. Post Arc Y-Sm Alloy. Sample Bead Not Formed and Noticeable Yellowish-Green Oxide 
Produced from Arc Volatilization. 
 
 
3.5 Conclusion 
 
In this chapter, a series of burnup surrogates from base U-Zr up to 15%BU with and without Pu 
were synthesized. Casting summaries indicate that glovebox arc-casting with fewer sub-alloy melts and 
lower arc counts produced the lowest total mass loss (Table 3-12). This was observed as the samples with 
lower arc totals had decreased mass loss percentages (Table 3-14). The 7%BU-U10Zr did show the 
lowest % mass loss, however sample batch sizes for the Pu surrogates were lower and affected more by 
mass fluctuations. The second batch of 15%BU with Pu had the overall lowest total mass loss along with 
the lowest target mass.  
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Table 3-14. Average %Mass Losses by Burnup Surrogate. 
Burnup Surrogate Average %Mass Loss Average Arc Total Average Target Mass (g) 
15%BU-U10Zr 3.212 10 4.000 
7%BU-U10Zr 1.521 7 4.000 
15%BU-Pu-U10Zr 2.019 3 2.315 
 
 
Homogenization with all constituents is optimal and reduces total arc count. The improved 
performance was a direct result of reduced exposure to arc volatilization and oxidation. Lanthanide phase 
model alloys were also prepared for targeted study. Alloy characterization, thermal analysis, and diffusion 
studies of the alloys are presented in Chapter 4 to Chapter 6. 
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Chapter 4: As-Cast Characterization of Burnup Surrogates and Alloys 
 
In this chapter, characterization of burnup surrogates and lanthanide phase alloys from Chapter 
3was performed. Alloys were analyzed for constituent redistribution and phase formation. Lanthanide 
phases were studied as they are known to readily induce FCCI.
41,43,44
 Qualitative and quantitative analysis 
was performed by scanning electron microscopy, energy dispersive X-ray spectroscopy, and X-ray 
diffraction. Qualitative views were used to draw general trends in the burnup surrogate chemistry and 
surface morphology. Quantitative maps derived alloy compositional information. Sample alloys were 
compared to PIE data from EBR-II to determine accuracy of metallic fuel burnup simulation.
41,43
 Sample 
EBR-II fuel element compositions from Keiser are listed in Appendix 3-1. Alloy densities were measured 
using a technique using buoyancy according to Archimedes principle. 
Fuel specific behavior comparisons with surrogate burnups are specified in each section and 
supporting data is included. All reported results highlight the difficulty with modeling constituent 
redistribution. Redistribution is thermal gradient dependent and compositions can be widely variable in 
spent fuel.
21,25,32,38,43
 The arc-casting method also induces error within burnup simulation, as the thermal 
gradients produced may differ from those produced by reactor operation. For this purpose, many sampling 
locations were required for accurate fuel comparison. Surrogate Zr concentrations were often lower or 
higher, as Zr migrates to the fuel center and the periphery, causing depletion zones with increased U 
concentrations. The Pu concentrations remained generally homogenous throughout.
32,38
 Depending on the 
sampled region, EDS maps can include Zr rich or depleted regions, resulting in discrepancies in the Zr 
values.  
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4.1 Nd-La-Pr-Sm-Y Alloy 
 The surface and subsurface of the Nd-La-Pr-Sm-Y alloy was analyzed by SEM and EDS. 
Elemental compositions and constituent distribution of arc-casted lanthanides was determined. Two sites 
of interests for each section were compared against pre-arc mass ratios, with EDS maps shown in Figure 
4-1 and Figure 4-2. Subsurface data is reported within 1-2 wt% of expected values. Surface analysis data 
resulted in deviations up to 40 wt% and 13 wt% for Y and Sm, respectively. Deviations in the measured 
concentrations are most likely from Sm, as variations from target values are within 1-2 wt% of total Sm 
mass added.  Of the lanthanide constituents, Y has the smallest ionic radius (+3).
64
 The smaller size to 
charge ratio results in a more rapid migration of the Y to the surface. This migration leads to enhanced Y 
concentration at the surface. The Y enhancement at the surface also results in lower measured 
concentrations from the other constituents. The concentration deficiency of Sm is attributed to the gap 
between its melting and boiling point. This difference is  720 °C for Sm and is an order of magnitude less 
than the other lanthanides constituents (Table 4-1).
6
 This discrepancy causes large Sm volatilization when 
subjected to the extreme temperatures of the plasma arc.  
 
Table 4-1. Thermal Gaps for Lanthanides of Interest. Thermal Gap is the Difference in Melting and 
Boiling Temperatures.  
Element Melting Point (°C) Boiling Point (°C) Difference in Melting and Boiling (°C) 
Nd 1024 3074 2050 
Ce 795 3443 2648 
La 920 3464 2544 
Pr 931 3512 2581 
Sm 1074 1794 720 
Y 1552 3338 1786 
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 Nd La Pr Sm Y   Nd La Pr Sm Y 
Theoretical 
Wt% 
50.6 16.4 15.0 14.4 3.7  
Theoretical 
Wt% 
50.6 16.4 15.0 14.4 3.7 
Measured 
Wt% 
57.8 20.4 16.1 1.5 4.2  
Measured 
Wt% 
56.2 19.7 15.3 5.6 3.2 
 
Figure 4-1. Sub-Surface SEM Images of Nd-La-Pr-Sm-Y with EDS Analysis. (Left) Site of interest 1. 
(Right) Site of Interest 2. 
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 Nd La Pr Sm Y   Nd La Pr Sm Y 
Theoretical 
Wt% 
50.6 16.4 15.0 14.4 3.7  
Theoretical 
Wt% 
50.6 16.4 15.0 14.4 3.7 
Measured 
Wt% 
44.4 4.3 9.4 1.9 40.1  
Measured 
Wt% 
41.5 4.5 8.7 2.1 43.3 
 
Figure 4-2. Surface SEM Images of Nd-La-Pr-Sm-Y with EDS Analysis and Theoretical Wt%. (Left) 
Site of interest 1. (Right) Site of Interest 2 
 
 
 The Nd-La-Pr-Sm-Y EDS data is consistent with the successful arc-cast of La-Pr and the failure 
of the Sm-Y binary alloy (Section 3.4.2) . The results are consistent because the wt% values for Sm and Y 
have the highest reported deviations from targeted theoretical values, and also exist in failed binary alloy. 
 
4.2 15%BU-U10Zr Burnup Surrogates 
 
In this section it will be demonstrated that the 15%BU-U10Zr surrogates behave like fuel. 
Reported behaviors and are defined (Table 4-2) and are supported with characteristic samples. 
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Table 4-2. PIE Reported Fuel Behaviors Observed in 15%BU-U10Zr Surrogates.
14,15,41,44,65
 
Fuel Behavior Observed in 15%BU-U10Zr Burnup Surrogates 
Lanthanide phase formation with preferential migration to fuel periphery 
Nd and Ce are largest lanthanide constituents 
Pd incorporation with the lanthanide phase and high temperature phase 
 
 
Arc-casted surrogates of U10Zr at 15%BU were prepared for SEM analysis. Characteristic 
samples are presented as back-scattered electron (BSE) images and EDS maps. Samples of non-flop, flop 
casted, and square-flop casted batches were analyzed. Results were compared against 17 at% burnup fuel 
element T106. The T106 had a composition of U-16Pu-23Zr by at% (U-20Pu-10Zr by wt%), and was 
chosen for its peak burnup percentage similarity with the surrogate target at 15%BU.
15
 
Qualitative EDS maps of non-flopped 15%BU-U10Zr were taken at the main lanthanide inclusion 
(Figure 4-3). This is evident from the enhanced counts observed in the sampling region. The other 
elements reported show the redistribution of constituents throughout the rest of the sample.  
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Figure 4-3. 35x BSE Map of Non-Flopped 15%BU-U10Zr and EDS elemental map taken at the boxed 
region. 
 
Magnification was increased to 250x to obtain quantitative compositions of lanthanide inclusions 
in the non-flop casted sample segment. Regions of interest, elemental maps, and elemental composition 
along with a comparison to T106 are shown in Figure 4-4. Quantitative analysis of the resultant EDS 
spectra confirm the presence of lanthanides and high temperature inclusions. Measured EDS values are in 
closer agreement with region one more so than region two of PIE reported data.
43
 A magnified lanthanide 
region from the flop casted batch is also reported (Figure 4-5). Similar results were observed for both flop 
casted and non-flop casted samples. Both segments observed higher Zr concentrations than reported PIE 
data, attributed to constituent redistribution. However, multiple regions are needed for accurate 
comparison due to compositional variation and constituent redistribution across spent fuel.
11,12,14,25,32
 
 
65 
 
 
 
  PIE Reported Data 
Element At% Region 1 Region 2 
Zr 5.6 0.3  
Pd 21.5 20.2  
La 16.9 23.7 27.7 
Ce 15.1 17.6 29.2 
Pr 9.7 3.8 3.9 
Nd 25.2 31.4 34.1 
Sm 1.6   
U 4.5 3.1 3.8 
 
Figure 4-4. Non-Flopped 15%BU-U10Zr EDS Maps and Compositional Analysis. (Left) EDS Elemental 
Maps. (Top) 250x BSE Lanthanide inclusion (Bottom) EDS Data and PIE Reported Data from Fuel 
Element T106 
 
A side-by-side comparison (Figure 4-6) shows that both surrogates contain large lanthanide 
inclusions formed toward the periphery. Both lanthanide segments also show accurate Pd incorporation 
with the lanthanide phase, as the EDS values are within 1-2 at% of PIE reported values (Figure 4-5 and 
Figure 4-6). 
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  PIE Reported Data 
Element At% 
Region 
1 
Region 
2 
La 14.1 23.7 27.7 
Ce 15.5 17.6 29.2 
Pr 9.8 3.8 3.9 
Nd 28.1 31.4 34.1 
Zr 8.9 0.3 0 
Pd 20.1 20.2 0 
U 3.6 3.1 3.8 
 
Figure 4-5. Flopped Casted 15%BU-U10Zr Lanthanide Region EDS Maps and Compositional Analysis 
(Left) EDS Elemental Maps (Top) 250x BSE Lanthanide inclusion (Bottom) EDS Data and PIE Reported 
Data from Fuel Element T106. 
 
 
 
Figure 4-6. (Left) Non-Flop (Right) Flop- Casted 15%BU-U10Zr Samples 
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Further analysis of flop casting techniques was performed to determine the effect of the square 
mold on burnup simulation. A square-flop of U15%BU-U10Zr was sectioned lengthwise and examined 
with EDS (Figure 4-7).  The square flop also showed a lanthanide phase incorporation with Pd, with 
preferential formation towards the periphery. An increased magnification image of the square-flop 
lanthanide region (Figure 4-8) reports EDS values within comparison to PIE data. However, constituent 
distribution simulation difficulties are still observed with higher measured values of Zr than reported.  
 
 
Figure 4-7. Square-Flop Casted 15%BU-U10Zr and EDS elemental map taken at the boxed region. 
 
 
68 
 
 
 
  
PIE Reported 
Data 
Element At% 
Region 
1 
Region 
2 
U 4.0 3.1 3.8 
Zr 7.8 0.3 0 
Ru 0.6 0 0 
Rh 1 0 0 
Pd 16.7 20.2 0 
La 19 23.7 27.7 
Ce 10.6 17.6 29.2 
Pr 10.5 3.8 3.9 
Nd 29.8 31.4 34.1 
 
Figure 4-8. Square-Flop Casted 15%BU-U10Zr EDS Maps and Compositional Analysis (Left) EDS 
Elemental Maps (Top) 250x BSE Lanthanide inclusion (Bottom) EDS Data and. PIE Reported Data from 
Fuel Element T106. 
 
 
4.3 10%BU-U10Zr  
 
Only one batch of 10%BU-U10Zr was synthesized, and was primarily used to prepare 15%BU. In 
this section it will be demonstrated that the 10%BU-U10Zr surrogates behave like fuel. Reported 
behaviors are defined (Table 4-3) and are supported with characteristic samples.  
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Table 4-3. PIE Reported Fuel Behaviors Observed in 10%BU-U10Zr Surrogates.
14,15,41,44,65
 
Fuel Behavior Observed in 10%BU-U10Zr Burnup Surrogates 
Lanthanide phase formation with preferential migration to fuel periphery 
Nd and Ce are largest lanthanide constituents 
Pd incorporation with the lanthanide phase and high temperature phase 
 
 
The BSE image in Figure 4-9 shows large lanthanide phase separation towards the periphery. 
Other fuel constituents appear to be relatively homogenized in regions outside of the lanthanide phase.  
 
 
 
Figure 4-9. Qualitative BSE Image at 35x and EDS Map of 10%Bu-U10Zr Section with Lanthanide 
Phase 
 
Relative homogenization over the sample area is reported (Figure 4-10), similar to Figure 4-9. 
The Sr and Y concentrations are effectively zero. In PIE, Ba was found in smaller quantities in outer fuel 
regions, but saw minimal inclusion in the bulk burnup samples.
43
 The Sr behaves similarly to Ba in the 
burnup alloys, and is considered typical behavior due to Ba-Sr volatility. The Zr content for this batch is 
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inaccurate because its fraction should increase with burnup, rather than decrease, as it is a major fission 
product.  
 
 
Element 
Pre-Arc Additions 
(Wt%) 
Measured 
(Wt%) 
U 81.91 87.73 
Zr 10.81 8.44 
Mo 0.80 0.54 
Tc 0.20 0.04 
Ru 0.79 0.73 
Rh 0.29 0.28 
Pd 0.61 0.52 
La 0.28 0.23 
Ce 0.53 0.65 
Pr 0.80 0.40 
Nd 0.52 0.29 
Sm 0.94 0.10 
Ba 0.51 0.06 
Sr 0.64 0 
Y 0.37 0 
Total: 100.00 100.00 
 
Figure 4-10. 100x EDS Map of 10%BU-U10Zr Section with Measured Compositions and Pre-Arc Mass 
Additions. 
 
Gross area EDS maps on magnified regions revealed more lanthanide bubble inclusions. The 
EDS point analysis confirms the presence of lanthanide with Pd bubble inclusions (Figure 4-11). The Ba 
is not reported and the Sr is misrepresented due to the strong peak overlap of its Lα (1.806 keV) 
66
 peak 
with the Si Kα (1.740 keV).
66
 The Si peaks can appear from residual Si from sample preparation, as well 
as internal fluorescence in the silicon detector of the EDS system. The Sm and Y show characters 
representative of Nd-La-Pr-Sm-Y Alloy (section 4.1), as the reported values are greatly reduced.  Average 
composition for the three 10%BU-U10Zr sample sections are tabulated in Appendix 3-3, with breakdown 
by sample face and site of interest in Appendix 3-4.  
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Element 
Point 1 
(wt%) 
Point 2 
(Wt%) 
Average 
(Wt%) 
Sr 0.33 0.37 0.35 
Y 2.04 2.19 2.12 
Zr 0.4 N/A 0.40 
Tc 0.38 N/A 0.38 
Ru N/A 0.25 0.25 
Rh 1.93 1.73 1.83 
Pd 20.94 19.94 20.44 
La 16.91 18.39 17.65 
Ce 13.43 13.13 13.28 
Pr 13.92 14.69 14.31 
Nd 22.3 24.1 23.20 
Sm 3.56 3.85 3.71 
U 3.85 1.36 2.61 
Total: 100 100 N/A 
 
Figure 4-11. EDS Point analysis at 400x for U10%BU-U10Zr Bubble Inclusions. 
 
 
4.4 7%BU-U10Zr 
 
In this section, it will be demonstrated that the 7%BU-U10Zr surrogates behave like fuel. 
Reported behaviors and are defined (Table 4-4) and are supported with characteristic samples. Sections of 
7%BU-U10Zr batch two were analyzed by SEM-EDS and compared to EBR-II data from Mariani et. al.
41
 
Breakdown by sample face and site of interest is tabulated in Appendix 3-6. 
 
Table 4-4. PIE Reported Fuel Behaviors Observed in 7%BU-U10Zr Surrogates.
14,15,25,32,41,44,65
 
Fuel Behavior Observed in 7%BU-U10Zr Burnup Surrogates 
Lanthanide phase formation with preferential migration to fuel periphery 
Nd and Ce are largest lanthanide constituents 
Pd incorporation with the lanthanide phase and high temperature phase 
Zr enrichment zone at periphery from constituent migration 
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A representative sample for U7%BU-U10Zr with BSE-EDS maps is shown below (Figure 4-12). 
Characteristic lanthanide enhancement and phase formation at the fuel periphery was once again 
observed. All other constituents appear homogenous, with some Zr enhancement at the periphery. The 
EDS maps show major contrast of U, the largest constituent, with the other elements, which is to be 
expected for metallic fuels.  
 
  
 
Figure 4-12. 7%BU-U10Zr Batch 2 BSE at 50x and EDS Elemental Maps  
 
A sample composition of EBR-II irradiated fuel at 8%BU was normalized to elements quantified 
in 7%BU-U10Zr batch two. Pre-arc data and compositional information for the surrogate and EBR-II fuel 
pin at 8%BU composition are tabulated in Table 4-5. In general, the surrogate concentrations are 
comparable with EBR-II compositions.
41
 The surrogate concentrations for U and the high temperature 
region metals are comparable with reported values except for Pd.  The Pd, Nd, Ce, and Pr values are 
elevated in the surrogate, as sampling sites were taken in sections with enriched phases of lanthanides 
incorporated with Pd. The Sm levels are once again low from arc volatilization losses (4.1). The accuracy 
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of minor elements is reduced from increased signal to noise from the larger EDS mapping area.
67
 Sample 
compositions are also variable from aforementioned constituent redistribution. 
 
Table 4-5. Pre-Arc and EDS Reported Data for U7%BU-U10Zr Batch 2. Sample Composition of 8%BU 
EBR-II Fuel Pin from Mariani et. al is Included for Comparison.
41
 
Pre-Arc 
Average Composition 
(Wt%) 
EBR-II 8%BU 
(Wt%) 
Element Mass (g) Wt% Sample 1 Sample 2 Sample 3 
U 3.4106 84.7 83.42 80.93 75.32 84.35 
Zr 0.4065 10.1 11.48 12.18 13.67 11.30 
Mo 0.0248 0.6 0.53 0.62 0.32 0.76 
Tc 0.0074 0.2 0.43 0.32 0.17 0.17 
Ru 0.0245 0.6 0.74 0.85 0.72 0.40 
Rh 0.0102 0.3 0.12 0.13 0.17 0.11 
Pd 0.0171 0.4 0.84 1.10 1.08 0.06 
Y 0.0068 0.2 0.01 0.16 0.00 0.12 
La 0.0131 0.3 0.32 0.71 1.83 0.28 
Ce 0.0153 0.5 0.39 0.47 1.55 0.54 
Pr 0.0112 0.3 0.26 0.35 1.21 0.27 
Nd 0.0305 0.8 0.73 1.45 2.91 0.92 
Sm 0.0114 0.3 0.05 0.00 0.00 0.15 
Ba 0.0203 0.5 0.02 0.05 0.11 0.32 
Sr 0.0131 0.3 0.67 0.68 0.93 0.24 
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4.5 U15%-Pu-U10Zr Burnup Surrogate Analysis 
 
In this section, arc-casted samples of U10Zr at 15%BU with Pu were prepared for analysis and 
characterized by BSE and EDS. The preparation steps are outlined in section 4.5.1 and characterization is 
presented in section 4.5.1.1. 
 
4.5.1 Sample Preparation for Burnup Surrogates with Pu 
 
Each sample was sectioned into three main segments, as shown in Figure 4-13. Sections are 
denoted with “Top” and “Bottom” faces, referring to sample orientation in the original sample bead. 
Sample faces for each batch are shown in Figure 4-15 and Figure 4-16. Batch one Section 2: Top is not 
listed, as it was a part of the same cut as Section 1: Bottom, and it was assumed to have the same 
composition and phase distribution. Similarly, Section 2: Bottom is the same cut as section 3 top.  
Compositional summaries of regions of interest (ROI) are tabulated for each sample face. All 
EDS maps for ROIs are in Appendix 3.1 and Appendix 3.2. Results were also compared to PIE trends and 
element T106 (U-20Pu-10Zr by wt%).
15
 
 
 
Figure 4-13. Sectioning Diagram for U15%Bu-Pu-U10Zr. 
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 Peak overlap between U and Pu in the x-ray spectrum affects peak intensity in corresponding 
EDS data. The U Mβ peak at 3.336 keV strongly overlaps with the Pu Mα peak at 3.339 keV.66,68 The 
theoretical Mα/Mβ peak ratio for any element is 5:3. A reduction of this ratio could confirm the presence 
of Pu. Peak ratios are determined from EDS data for U-Pu burnup surrogate peak overlap range compared 
to a U burnup surrogate in the same energy range. This is observed in Figure 4-14, where graphs are 
normalized to the U peak over the interaction range. The Mα/Mβ for pure U is indeed 5:3, where it is 
reduced to approximately to 5:4 in the Pu-based sample, because of the additional Pu Mα counts.  
 
 
Figure 4-14. EDS Peak Intensity Comparison of U-Pu Surrogate and U Surrogate  
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Figure 4-15. U15%BU-Pu-U10Zr Batch 1 Sample Faces 
 
 
 
Figure 4-16. U15%BU-Pu-U10Zr Batch 2 Sample Faces 
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In the results sections, it will be demonstrated that the 15%BU-Pu-U10Zr surrogates behave like 
fuel. Reported behaviors and are defined (Table 4-2) and are supported with characteristic samples 
 
Table 4-6. PIE Reported Fuel Behaviors Observed in 15%BU-Pu-U10Zr Surrogates.
14,15,25,32,41,44,65
 
Fuel Behavior Observed in 15%BU-Pu-U10Zr Burnup Surrogates 
Lanthanide phase formation with preferential migration to fuel periphery 
Nd and Ce are largest lanthanide constituents 
Pd incorporation with the lanthanide phase and high temperature phase 
High temperature phases with Mo, Ru, Rh, Tc, Zr and PD 
Increased constituent redistribution with inclusion of Pu 
Constituent zones of seemingly homogenous Pu concentrations  
Zr enrichment and depletion zones from constituent migration 
U enrichment zones from constituent migration 
 
 
4.5.1.1 U15%BU-U10Zr Batch Results 
 
 Sampling was taken towards the middle of the sample in Figure 4-17, were lanthanide inclusions 
associated with Pd are located. The U and Pu maps correlate, with distribution closely mirroring one 
another.  
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Section 1 
Element Wt% 
U 58.8 
Pu 7.7 
U/Pu 7.1 
Zr 6.8 
Mo 1.1 
Tc 0.4 
Ru 1.5 
Rh 0.6 
Pd 2.5 
La 2.0 
Ce 2.1 
Pr 1.9 
Nd 4.8 
Sm 0.8 
Y 0.3 
Ba 0.6 
Sr 1.0 
 
Figure 4-17. U15%BU-U10Zr Batch 1, Section 1: Bottom Face (Left) Section 1 BSE at 50x Section 1 
Quantitative EDS Analysis for Region of Interest 1 taken in boxed region. 
 
 
4.5.1.2 U15%BU-U10Zr Batch 1, Section 2: Bottom Face 
 
Sampling was taken at seven different ROIs on the sample face.  Associate quantitative values 
and ROI summaries are in Figure 4-18.  Elevated Pu concentrations were observed in ROIs two, three, 
and six; although relatively homogenous concentrations were still observed, as the total variation over the 
ROIs is ~3 wt%. 
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 Region of Interest (Wt%) 
Element 1 2 3 4 5 6 7 
U 73.2 15.7 19.7 32.6 31.7 13.1 71.2 
Pu 5.7 6.3 8.4 5.7 8.3 7.7 5.5 
U/Pu 11.4 2.4 2.3 5.4 3.7 1.7 11.5 
Zr 5.4 35.2 24.8 25.8 5.1 2.8 6.2 
Mo 0.4 11.6 10.4 10.7 1.3 1.0 0.7 
Tc 0.3 0 0.4 0 0.6 0.8 0.4 
Ru 0.8 12.0 10.4 9.8 1.7 1.4 1.2 
Rh 0.4 4.6 3.9 4.0 1.3 1.8 0.4 
Pd 1.3 1.9 3.6 1.7 8.0 11.2 1.5 
La 0 0.6 1.8 0.7 5.4 7.3 0 
Ce 0.2 1.1 2.6 1.0 6.7 8.5 0.3 
Pr 0.3 0.7 1.2 0.5 4.3 6.0 0.3 
Nd 0.4 2.0 3.4 0.7 9.2 13.4 0.4 
Sm 0 0.5 1.0 0.3 2.7 4.2 0 
Y 0 0 0 0 9.3 19.0 0 
Ba 0 3.4 3.1 0.3 0 0 0 
Sr 0.3 2.0 2.8 0.9 0.8 0.4 0.4 
  
ROI Elemental Map Descriptions and Highlights 
1 
Region in the middle of the sample slightly above sample void with homogenous distribution. U and Pu share 
similar distributions with stronger U counts than Pu. 
2* 
Sample taken to the left of sample void. High temperature block inclusion with Zr showing strongest counts. 
Mo and Tc counts also elevated. Ba and Sr detected through various L-series Ba lines and Sr inclusion inside 
void. Sr inclusion could be Si as peak overlap exists. Si contamination possible from SiC mechanical 
polishing pads. 
3 Magnified region from SOI2. Void spaces could indicate Ba that has oxidized.  
4 
Magnified region from SOI3. High temperature inclusions present with elevated counts of Mo and Zr. Ru/Rh 
distribution with Zr. U and Pu phases present.  
5 Lanthanide inclusion on right half of sample near sample void. 
6 
Magnified region of ROI5 with U-Pu bubble inclusions. Y counts high although possible overlap with Zr as 
both elemental maps are enhanced.  
7 
Oxygen included due to possible oxidation. U enhancement region appears to be towards left of the sample 
due to sample contrast. High temperature region, mainly Zr, appear to decrease in contrast for this region. 
*Sr Lα peak at 1.806 keV overlaps with Si Kα peak at 1.739 keV 
 
Figure 4-18. U15%BU-U10Zr Batch 1, Section 2 Bottom: Face (Left) BSE Image at 50x (Right) 
Quantitative EDS Analysis for All Regions of Interest. 
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4.5.1.3 U15%BU-U10Zr Batch 1, Section 3: Top Face 
 
Sampling was taken for one ROI with associated quantitative values in Figure 4-19. Elemental 
maps were taken at a high temperature inclusion towards near the upper left portion of the sample.  The 
Zr, Mo, and Tc maps show very strong counts, although Tc could be from peak overlap with Mo.
66
 A Ba 
signal was observed, along with a small lanthanide inclusion in the bottom right portion of the ROI. 
 
 
 
Section 3 Top ROI 1 
Element Wt% 
U 43.4 
Pu 8.9 
U/Pu 4.7 
Zr 12.1 
Mo 18.3 
Tc* 0 
Ru 3.8 
Rh 1.3 
Pd 1.2 
La 0.4 
Ce 1.1 
Pr 0.4 
Nd 0.9 
Sm 0.3 
Y 0 
Ba 1.6 
Sr 1.6 
 *Peak overlap with Mo  
  
 
Figure 4-19. U15%BU-U10Zr Batch 1, Section 3 Top Face (Top Left) BSE Image at 35x (Top Right) 
Quantitative EDS Analysis for Region of Interest 1 (Bottom) EDS Maps at 500x. 
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4.5.1.4 U15%BU-U10Zr Batch 1, Section 3: Bottom Face 
 
Sampling was taken at four different ROIs on the sample face.  Associated quantitative values 
and ROI summaries are in Figure 4-20. Elevated Pu concentrations were observed in ROIs two, three, and 
six.  
 
 
 Region of Interest 
Element 1 2 3 4 
U 13.6 47.1 51.7 6.5 
Pu 11.6 8.7 6.2 10.8 
U/Pu 1.2 5.1 7.7 0.6 
Zr 5.4 5.1 7.8 3.3 
Mo 0.8 0.4 1.3 0.3 
Tc 0.6 0.3 0.6 0.7 
Ru 1.8 0.8 1.9 1.4 
Rh 1.5 0.4 1.3 1.8 
Pd 13.9 3.3 6.6 14.5 
La 5.6 0.7 1.8 6.9 
Ce 10.8 17.2 3.3 14.2 
Pr 5.7 0.6 1.2 6.8 
Nd 8.0 2.4 2.9 10.6 
Sm 4.7 7.1 2.7 4.7 
Y 13.5 0.0 0.7 16.2 
Ba 0.6 0.2 0.9 0.5 
Sr 0.6 0.7 1.3 0.3 
  
ROI Elemental Map Descriptions and Highlights 
1 Region near sample void with large lanthanide inclusion. U-Pu highlighted zones present. 
2* 
Region taken near bottom of sample where oxide pockets are in attempt to find Ba/Sr. Unsuccessful attempt 
as no Ba peak observed in spectrum or map. 
3 
Reattempt to find Ba in oxide pockets near top of sample. Oxides in pockets are associated with lanthanide 
maps along with enhanced Pd. No Ba observed once again in map or spectrum.  
4 Lanthanide inclusion maps with Y present inside. Zr enhanced in areas of Y due to peak overlap. 
 
Figure 4-20. U15%BU-U10Zr Batch 1, Section 3: Bottom Face (Left) BSE at 50x Section 1 (Right) 
Quantitative EDS Analysis for All Regions of Interest. 
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4.5.1.5 U15%BU-U10Zr Batch 2, Section 1: Bottom Face 
 
Sampling was taken at two different ROIs on the sample face. Associate quantitative values and 
ROI summaries are in Figure 4-21. Samples have large region of lanthanide phase and inclusions. High 
temperature regions are also present with U showing stronger counts than Pu.  
 
 ROI 1 ROI 2 
Element Wt% Wt% 
U 57.8 62.8 
Pu 9.1 8.6 
U/Pu 5.9 6.8 
Zr 10.5 7.9 
Mo 0.7 0.7 
Tc 0.2 0.3 
Ru 0.8 0.8 
Rh 0.4 0.4 
Pd 2.3 2.1 
La 1.9 1.3 
Ce 2.1 1.9 
Pr 2.1 2.0 
Nd 3.4 3.1 
Sm 0.4 0.5 
Y 1.8 0.4 
Ba 0 0 
Sr 0.8 0.6 
  
ROI Elemental Map Descriptions and Highlights 
1 Large lanthanide inclusion. U counts much higher than Pu 
2 
Region towards the middle of the sample with U-Pu and High Temperature regions with U stronger counts 
than Pu. Lanthanide bubble inclusions present.  
 
Figure 4-21. U15%BU-U10Zr Batch 2, Section 1: Bottom Face (Left) BSE at 50x Section 1 (Right) 
Quantitative EDS Analysis for All Regions of Interest. 
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4.5.1.6 U15%BU-U10Zr Batch 2, Section 2: Top Face 
 
Data was taken at two different ROIs on the sample face (Figure 4-22). Samples have high 
temperature regions and large lanthanide bubble inclusions present, with Pu and U showing similar 
contrast. The lanthanide inclusion within a high temperature region (ROI 1) is indicative of lanthanide 
phase separation from the high temperature region in fuel. The Pu concentration remains relatively 
homogenous within the U rich zone for ROI 1 and a U depleted zone at ROI 2 from constituent 
redistribution. Counts of Y is observed in a lanthanide phase at the periphery. The elevated concentration 
suggests its presence, however, the concentration may be slightly elevated, as Y and Zr have strong peak 
overlap.
66
  
 
 
 ROI 1 ROI 2 
Element Wt% Wt% 
U 67.3 8.5 
Pu 8.7 7.4 
U/Pu 7.2 1.2 
Zr 8.2 4.9 
Mo 0.8 0.5 
Tc 0.5 0.4 
Ru 1.0 1.1 
Rh 0.6 1.8 
Pd 1.7 10.1 
La 0.3 12.9 
Ce 0.9 10.2 
Pr 0.7 9.2 
Nd 1.3 18.0 
Sm 0.3 2.4 
Y 0.0 11.1 
Ba 0 0 
Sr 0.6 0.4 
  
ROI Elemental Map Descriptions and Highlights 
1 
Mainly high temperature region and U-Pu with large lanthanide inclusion and smaller regions at the 
perimeter.  
2 
Lanthanide region towards bottom of the sample with Y inclusions. High temperature and U-Pu bubble 
inclusions present. U-Pu has similar contrast.  
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Figure 4-22. U15%BU-U10Zr Batch 2, Section 2: Top Face (Left) BSE at 50x Section 1 (Right) 
Quantitative EDS Analysis for All Region of Interest. 
 
4.5.1.7 U15%BU-U10Zr Batch 2, Section 2: Bottom Face 
 
Sampling was taken at two different ROIs. Associated quantitative values and ROI summaries are 
in Figure 4-23. Maps were taken in top half of sample face at high temperature boundaries with and 
without lanthanides. The lanthanides are present primarily at the periphery.  
 
 
 
 ROI 1 ROI 2 
Element Wt% Wt% 
U 66.0 69.2 
Pu 8.4 8.4 
U/Pu 7.2 7.6 
Zr 9.2 7.6 
Mo 0.7 0.8 
Tc 0.4 0.5 
Ru 1.0 0.8 
Rh 0.4 0.5 
Pd 1.7 1.4 
La 0.5 0 
Ce 1.0 0.9 
Pr 0.9 0.7 
Nd 1.6 1.0 
Sm 0.4 0 
Y 0 0 
Ba 0 0 
Sr 0.6 0.6 
  
ROI Elemental Map Descriptions and Highlights 
1 
Region at high temperature/U-Pu boundary with lanthanide bubble inclusions and high temperature /U-Pu 
boundary without inclusions.  
2 
Near middle of sample mainly consisting of high temperature and U-Pu. U counts much higher than Pu and 
some lanthanide bubble inclusions present. 
 
Figure 4-23. U15%BU-U10Zr Batch 2, Section 2: Bottom Face (Left) BSE at 50x Section 1 (Right) 
Quantitative EDS Analysis for All Regions of Interest. 
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4.5.1.8 U15%BU-U10Zr Batch 2, Section 3: Top Faces 
 
Samples were taken at three different ROIs for both faces. Associated quantitative values and 
ROI summaries are in. The lanthanides are mainly present at the periphery with apparent subsurface 
presence in ROI three from elevated Y concentrations. A depletion in Zr content is observed in all ROIs. 
(Figure 4-24). 
 
 
 ROI 1 ROI 2 ROI 3 
Element Wt% Wt% Wt% 
U 71.1 74.2 63.1 
Pu 8.0 4.6 8.1 
U/Pu 8.2 14.0 7.2 
Zr 6.4 4.7 7.1 
Mo 0.8 0 0.7 
Tc 0.5 0.2 0.4 
Ru 1.1 0.5 1.0 
Rh 0.5 0 0.6 
Pd 1.4 1.3 1.9 
La 0 0 1.1 
Ce 0.4 0 1.5 
Pr 0.5 0 1.0 
Nd 0.7 0 1.9 
Sm 0 0.2 0.5 
Y 0 0 3.1 
Ba 0 0 0.3 
Sr 0.6 0.3 0.6 
   
ROI Elemental Map Descriptions and Highlights 
1 
Region in middle of the sample consisting mainly of high temperature metals with some lanthanide bubble 
inclusions 
2 High temperature /U-Pu region quantitative area map  
3 
Region towards bottom of sample face. Appears to be a lanthanide inclusion close to the surface as evident 
by Y correlation. Sectioning and polishing can be used to determine subsurface composition. 
 
Figure 4-24. U15%BU-U10Zr Batch 2, Section 3: Top Face (Left) BSE at 50x Section 1 (Right) 
Quantitative EDS Analysis for All Region of Interest. 
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4.5.1.9 U15%BU-U10Zr Batch 2, Section 3: Bottom Face 
 
Samples were taken at three different ROIs. Associated quantitative values and ROI summaries 
are in Figure 4-25. The sample face analyzed is taken from the outermost portion of the arc-casted bead. 
Noticeable U depletion is observed at all ROIs, and Zr concentration decreases from constituent 
redistribution. The lanthanides are mainly present at the periphery. 
 
 
 ROI 1 ROI 2 ROI 3 
Element Wt% Wt% Wt% 
U 36.2 24.2 7.6 
Pu 10.5 10.5 10.1 
U/Pu 3.3 2.3 0.8 
Zr 11.9 9.4 7.1 
Mo 0.8 0.7 0.3 
Tc 0.5 0.3 0.2 
Ru 1.4 1.3 1.6 
Rh 1.1 1.1 2.3 
Pd 4.8 6.5 9.7 
La 5.7 8.8 12.3 
Ce 5.9 8.5 11.7 
Pr 3.8 5.8 8.3 
Nd 8.0 12 17.5 
Sm 2.0 2.7 4.6 
Y 3.0 5.7 5.2 
Ba 0.3 0 0 
Sr 0.9 0.7 0.7 
   
ROI Elemental Map Descriptions and Highlights 
1 
Region at high temperature/U-Pu boundary with lanthanide bubble inclusions and high temperature/U-Pu 
boundary without inclusions.  
2 
Near middle of sample mainly consisting of high temperature and U-Pu. U counts much higher than Pu and 
some lanthanide bubble inclusions present. 
3 
Region close to the middle on the right side of the sample face. Pu contrast is brighter than U in U-Pu/high 
temperature inclusions. Region has lowest prevalence of these high temperature/U-Pu bubble inclusions.  
  
Figure 4-25. U15%BU-U10Zr Batch 2, Section 3: Bottom Face (Left) BSE at 50x Section 1 (Right) 
Quantitative EDS Analysis for All Regions of Interest. 
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4.5.1.10 15%BU-Pu-U10Zr Synopsis 
 
Multiple sample faces of U10Zr at 15%BU with Pu were characterized. The addition of Pu 
resulted in an increase in constituent redistribution when compared to the U-Zr samples. Surrogate data 
was comparable with fuel, as lanthanide migration and phase formation, high temperature precipitate 
inclusion, and constituent redistribution were observed (Table 4-6).
25,32,41,43,44,65
 Compositional variation 
from thermal gradients was addressed by incorporating multiple ROI. Strong X-ray peak overlap was 
observed to affect measured elemental concentrations, as the increase in signal to noise from large EDS 
maps reduces the spatial resolution. Further studies are needed to understand the Pu systems, as available 
data for burnup over 15% is lacking. 
 
4.6 X-Ray Diffraction 
 
X-ray diffraction (XRD) patterns were collected for burnup surrogates, described in Section 3.2.4, 
to identify resulting phases. This includes surrogates with and without Pu, described in section 4.5.1. 
Phase changes in the fuel can alter the properties and lead to failure and cladding breach.
13,15,69
 Patterns 
for U and U-Zr alloys were taken to determine phase changes present after the arc/flop process, as the arc  
temperature  is well above the γU→ L transition (1132°C) (Table 4-7).29  
Patterns for the U10Zr burnups are not reported, as annealing steps were omitted, and thus poor 
XRD patterns were obtained. An XRD pattern for a representative fission product alloy with U is shown 
below (Figure 4-26).  Phase identification for other constituents was difficult to decipher from the pattern, 
with remaining peaks corresponding to βU. 
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Table 4-7. XRD Results for Alloys and Surrogate Burnups of Interest. 
Sample 
Phase 1 Phase 2 Phase 3 
Phase Crystal Phase Crystal Phase Crystal 
Fission Product Alloy 
with U 
α-U 
Orthorhombic 
(Cmcm) 
βU 
Tetragonal 
(P42/mnm) 
N/A 
Pure U α-U 
Orthorhombic 
(Cmcm) 
γU 
BCC 
(Im3̅m)) 
Uraninite 
(UO2) 
(Fm3̅m) 
U5Zr α-U 
Orthorhombic 
(Cmcm) 
N/A N/A N/A 
U10Zr α-U 
Orthorhombic 
(Cmcm) 
*15%BU-Pu-U10Zr 
Sample 1 
α-U 
Orthorhombic 
(Cmcm) 
γU 
BCC 
(Im3̅m) N/A 
*15%BU-Pu-U10Zr 
Sample 2 
α-U 
Orthorhombic 
(Cmcm) 
Δ-UZr2 
Hexagonal 
(P6/mmm) 
N/A 
*Include background peaks at 2 = ~35 (d = 2.53 Å) and 2 = ~42 (d = 2.17 Å) from sample dome 
 
 
 
 
Figure 4-26. XRD-Pattern for Fission Product Alloy 
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Resulting XRD patterns for the U and U-Zr alloys are shown in Figure 4-27, Figure 4-28, and 
Figure 4-29. The patterns indicate that post-flop casted samples retain the α-U phase. Results are 
consistent with a study by Irukuvarghula et. al., in which as-cast U-Zr phases were cooling-rate 
dependent, and only α-U peaks were observed in U-2Zr, -5Zr, and -10Zr patterns.70  The patterns also 
reveal a lack of an intermediate δ-UZr2 phase. Typically, δ-UZr2 is observed in heat treated U10Zr, where 
the flop casted sections were not annealed post flop.
30
 The uraninite (UO2) phase is also present for the 
pure U pattern. Oxidation accrued during sampling likely lead to a suppression of δ-UZr2 formation, as 
reported in literature.
29,71
  
 
 
Figure 4-27. XRD Pattern for Pure Uranium Flop Cast. 
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Figure 4-28. XRD Pattern for U5Zr Flop Cast. 
 
 
 
Figure 4-29. XRD Pattern for U10Zr Flop Cast. 
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 The XRD analyses of 15%BU-Pu-U10Zr alloys were expected to provide defined sample peaks 
due to the increased phase complexity of the ternary system (U-Pu-Zr).
11,13,15,72
 Samples from both 
batches (Figure 4-30 and Figure 4-31) used an air-tight dome, sealed in an inert atmosphere, for oxide 
protection. The temperature gradient in the synthesis results in phase formation that is similar to fuel. In 
the top section, the γU peaks observed in the surrogate are characteristic of the hottest portion of metallic 
fuel.
69
 For the bottom section, the pattern was taken from the sample face located at the outermost portion 
of the alloy bead, i.e. the periphery. That section has peaks characteristic of the same intermediate δ-UZr2, 
formed at the periphery in metallic fuel.
25,32,61
  
 
 
Figure 4-30. 15%BU-Pu-U10Zr Sample 3 Top Section. (Left) 35X BSE SEM Image. (Right) XRD 
Pattern. 
 
 
 
92 
 
 
Figure 4-31. 15%BU-Pu-U10Zr Sample 3 Bottom Section. (Left) 35X BSE SEM Image. (Right) XRD 
Pattern. 
 
 
4.7 Density Measurements 
 
Surrogate burnup and alloy densities were measured with a method adapted from Archimedes 
principle.
73
 All measurements were done in triplicate and calibrated with Fe and U.  The density of a solid 
is given by Eq.[20], where Vo is the volume and mO is the mass.   
 
 𝑝𝑂 =
𝑚𝑂
𝑉𝑂
  
Eq.[20] 
 
The examined alloys are air and water sensitive. Resulting oxide growth will negatively affect 
density measurements. The method uses mineral oil immersion and does not require exact volume 
displacement measurements. The volume can be determined from the buoyant force, B, which is equal to 
the weight of the displaced fluid by the immersed alloy in Eq.[21]: 
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 𝐵 = 𝑚𝑓𝑔 =  𝑝𝑓𝑉𝑔 Eq.[21] 
 
 
where ρf is the mineral oil density and V is the displaced fluid volume. A buoyant force is exerted on the 
immersed sample and, in accordance with Newton’s third Law, the object must exert the same force on 
the fluid (Figure 4-32).  
 
Figure 4-32. Buoyant Force in Density Determination 
 
 
The displaced fluid volume is equal to the volume of the submerged object, V0, and the 
string/wire, Vw, suspending the sample in the fluid. The suspension wire was included to obtain results of 
highest accuracy, although in many cases it can be ignored. Eq.[21] is rewritten as Eq.[22] to account for 
Vw.  
 
 𝐵 = 𝑝𝑓(𝑉𝑂 + 𝑉𝑊)𝑔 Eq.[22] 
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Solving Eq.[22] for VO and substituting into Eq.[20]  yields Eq.[23]. 
 
 
𝑝𝑂 =
𝑚𝑂
𝐵
𝑝𝑓𝑔
− 𝑉𝑤
 
 
Eq.[23] 
 
The submerged wire length, l, and caliper measured wire diameter, d, are used to calculate Vw in Eq.[24].  
 𝑉𝑤 = π (
𝑑
2
)
2
𝑙  
Eq.[24] 
 
The buoyant force is measured through subtraction of the fluid and the beaker mass, mmfb, with the 
immersed alloy mass, mfbo, and multiplying the gravitational constant, g, in Eq.[25]. 
 
 𝐵 = (𝑚𝑓𝑏𝑜 − 𝑚𝑓𝑏)𝑔  
Eq.[25] 
 
 
Buoyancy is written in terms of the object’s submerged mass, m’O, in Eq.[26] 
 
 𝐵 = 𝑚𝑂
′ 𝑔 
Eq.[26] 
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Finally, the density of the sample, ρo, is calculated by substitution of Eq.[26]  into Eq.[23] to yield 
Eq.[27]. The gravitational constant is canceled out. 
 
 
𝑝𝑂 =
𝑚𝑂
𝑚𝑂
′
𝑝𝑓
− 𝑉𝑤
 
 
Eq.[27] 
 
 
The alloy densities, ρo, are measured with Eq.[27]. Three volumetric flasks, a small sample 
beaker, mineral oil of known density, and wire for sample suspension were required for measurement. 
The mineral oil is poured into the volumetric flasks and the fluid density, ρf, calculated. The alloy mass, 
mo, is measured and suspended in tared beaker of the mineral oil to determine, m’o, the sample immersion 
mass. The volume of the wire, Vw, is calculated from submerged wire length (cm) and its diameter (cm). 
Experimental densities measured are reported below in Table 4-8. 
 
Table 4-8. Summary of Measured Densities for Metals and Alloys of Interest. Values Reported from 
Lowest to Highest Density. 
Alloy Identification Sample Information Density (g/cm3) 
U-Pu-10wt%Zr (15% BU) Batch 1 14.18 
U-Pu-10wt%Zr (15% BU) Batch 2 14.39 
U-10wt%Zr (7% BU) Batch 2 14.77 
U-10wt%Zr (7% BU) Batch 3 15.35 
U-10wt%Zr As Received 17 
U-5wt%Zr As Received 17.45 
Pure U As Received 19.08 
 
Experimental densities for the burnup surrogates were observed to decrease with increasing 
burnup, and U10Zr reported greater density than the U-Pu-Zr ternary samples This was expected, as the 
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increase in sample constituents’ concentration alters the phase structure and should decrease the density 
as burnup increases.   
Reported values for calculated densities of αU solid solutions in U-Zr solid solutions were 
compiled by Janney.
74
 Theoretical densities were calculated based on lattice parameters and showed a 
linear decrease in density as a function of increased Zr concentration.
74
 This is expected from the U 
substitution with the much less dense Zr. Reported values for as-cast U10Zr alloys were also shown to 
have densities ranging from 15.5 g/cm
3
 to values slightly exceeding 16 g/cm
3
. Theoretical and 
experimental densities for U-Zr alloys are compared in Table 4-9. The only significant deviation from 
reported values occurs for U10Zr. However, that deviation is less than 1 g/cm
3
. This is consistent with 
literature, as theoretical density linear functions between αU and αZr see maximum deviations of ~1 
g/cm
3
 (Appendix 3-2). 
 
Table 4-9. Theoretical and Experimental Densities for αU-Zr Alloys 
Alloy Reported Density Measured Density Reference 
U 19.10 19.08 [
6
] 
*Zr 6.49 6.64 [
6
] 
U5Zr 17.55 17.45 [
74
] 
U10Zr 16.31 17.00 [
74
] 
 
 
 
4.8 Conclusion 
 
In this chapter, burnup surrogates and lanthanide alloys described in Chapter 3 were analyzed 
with SEM, EDS, X-ray diffraction, and density. Samples prepared in this work have shown the ability to 
effectively simulate U-Zr and U-Pu-Zr metallic fuels.
43
 The characteristic behavior of fuel was observed 
in the burnup surrogates.  
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Lanthanide phase formation was shown to form with preferential migration to the periphery. 
Instances of lanthanide inclusions, or precipitates, were observed inter-dispersed throughout other phases 
in the surrogates. In the lanthanide phase alloy, as-cast concentrations remained similar to pre-arc values, 
except for Y and Sm. The discrepancies in Y reported values were determined to be from size to charge 
migration and the enhanced concentration at the alloy surface. The Sm depletion was determined to be 
from the smaller gap between melting and boiling when compared to the other lanthanides (Table 4-1). 
Incorporation of Pd in lanthanide and high temperature phases was observed throughout.  
Analysis of PIE and surrogate data both show that fuel chemistry is non-uniform and highly 
affected by constituent redistribution and phase formation.
21,25,32,43
 Constituent redistribution occurred 
with the application of  thermal gradients.
25,32,38
 The burnup surrogates agree with literature, as the 
addition of Pu into the surrogates resulted in an overall increase in constituent redistribution. The Pu was 
observed to be relatively homogenous throughout. Redistribution and creation of Zr enhanced and 
depleted regions in the surrogates were also observed. In regions of Zr depletion, the U concentration 
increased.  The Pu samples also show greater distribution, as they were prepared in the most advanced 
stage of method development, producing surrogates with better burnup representation and minimal arc 
volatilization loss. Further study is still needed to understand the Pu systems, and data is still lacking for 
BU > 15%.  
Overall, burnup simulation and characterization can be improved. Large area maps and strong X-
ray peak overlap cause discrepancies in EDS spectra. Larger area maps increase the signal to noise ratio 
and can include excess counts of constituents that may not be of interest. Larger signal to noise ratios lead 
to stronger X-ray peak overlap and reduction EDS measurement accuracy of trace elements. This is a 
product of spectral resolution in the SEM, and accuracy can be improved with EPMA.
67,75
  
Sample XRD patterns mainly resulted in αU peak, with post arc-casting samples retaining the 
phases. Phase identification for other constituents was difficult due to complexity and the amorphous 
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nature of non-annealed samples. Experimental alloy densities were shown to decrease with increased 
burnup and are in reasonable comparison with reported data.  
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Chapter 5: Thermal Analysis of Burnup Surrogates and Fuel Alloys  
 
 In this chapter, thermal analysis was used to determine phase transitions and solidus temperatures 
for the burnup surrogates and other alloys of interest. Resultant data allows for alloy thermophysical 
behavior and temperature dependent phase redistribution determination, which is required to accurately 
simulate and predict metallic fuel behavior.
32,76,77
  Method development is discussed and tested with U 
and U-Zr alloys prior to burnup surrogate sample analysis. Thermal analysis was performed with a 
simultaneous TGA/DSC.   
 
5.1 Introduction 
 
The phase stability and transition temperatures of the U-Pu and U-Pu-Zr are still uncertain.  
Current data is limited with discrepancies existing between the phase diagrams.
74,78
 This is due to 
kinetically slow solid phase transitions, which complicate thermophysical measurements of the system. 
An overview of the U-Zr and U-Pu-Zr system is provided to assess the phase behavior of each system for 
application to the thermal analyses performed.   
 
5.1.1 U-Zr 
 
The U-Zr system has been extensively studied with respect to the two accepted phase diagrams 
by Sheldon et. al and Rough.
29,74,79
 From the phase diagrams, the widely accepted features are (1) high 
temperature body-centered cubic (BCC) solid solution of γU and βZr, (2) formation of two BCC phases, 
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γ1 (U rich) and γ2 (Zr rich), at low temperatures from the high temperature solid solution, and (3) a room 
temperature stable intermediate phase of δ-UZr2. In the U-Zr system, hysteresis leads to complications in 
thermal analysis. Hysteresis is a product of kinetically sluggish U-Zr transitions, and manifests itself 
through phase transition peak suppression.
29,30,79–8171
 Zegler reports hysteresis in ~1 at% Zr measurements 
and concluded cooling curves are difficult to use for U-rich transformation temperature determination.
71
 
Duwez observed peak suppression for allotropic U transitions by more than 100 °C.
80
 Both phase 
diagrams are shown below in Figure 5-1 and Figure 5-2. 
 
 
Figure 5-1. U-Zr Phase Diagram from Sheldon and Perterson.
29
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Figure 5-2. U-Zr Phase Diagram from Rough.
79
 
 
Discrepancies between the phase diagrams arise for U-rich alloys, and recent data suggest that U-
Zr reevaluation is needed.
74,76
 The Sheldon diagram reports three phase transitions, whereas the Rough 
diagram reports two for 10-20 wt% Zr.  A survey of this region is also inconclusive, as the number of 
observed phase transitions is variable between studies.
76,77,82,83
 Rai et al. observed a heating rate 
dependence on phase changes, with more reported transitions from 3 Kpm rate than the 10K rate.
83
 
Irukuvarghula et. al found that as-cast phases in U-Zr are cooling rate dependent and form metastable 
phases. Metastable phases are formed during the thermal decomposition of the high temperature phases 
and can go misreported in the phase diagrams.
70
  The variation in observed phases and metastable state 
formation signifies that further understanding of U-Zr phase transitions is still needed.  
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5.1.2 U-Pu-Zr 
 
Metallic Pu has six allotropic forms that are stable at atmospheric pressure. The phase diagram 
and length change as a function of temperature,
78
 with phase structures, transitions, and stability ranges 
for each reported in the literature.
84
 The metallurgical properties of Pu, such as phase instability and its 
low melting point, are of particular interest the thermal analysis of metallic fuel.
78
  
 
 
   
   
 Transition 
Temperature 
( °C) 
 α→ β ~125 
 β → γ 125 – 215 
 γ → δ 215 – 320 
 δ → δ’ 320 – 463 
 δ ‘→ε 463-482 
 ε →L 640 
   
   
   
 
Figure 5-3. Pu Metal Phase Diagram and Length Change as a Function of Temperature. (Left) Allotropic 
Information from Clark et al.
84
  
 
 
 The phase stability of the U-Pu-Zr system for known solid phases and allotropes are from the U-
Pu, U-Zr, and Pu-Zr binary systems.
72,74,78
 Those phases are listed in Table 5-1, with associated phase 
diagrams in Figure 5-4 and Figure 5-5. 
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Table 5-1. Known Phases of U-Pu-Zr Ternary System from Janney et. al.
74
 
Phase Description Crystal Structure 
αU Uranium Allotrope Orthorhombic 
βU Uranium Allotrope Tetragonal 
γU Uranium Allotrope BCC 
αZr Zirconium Allotrope Hexagonal Close Packed 
βZr Zriconium Allotrope BCC 
αPu Plutonium Allotrope 
Figure 5-3 
βPu Plutonium Allotrope 
γPu Plutonium Allotrope 
δ`Pu Plutonium Allotrope 
δPu Plutonium Allotrope 
η-(U,Pu,Zr) Allotropic Modification of η-( U,Pu) Not known (Possibly Tetragonal) 
ζ-( U,Pu,Zr) Allotropic Modification of ζ-( U,Pu) Primitive rhombohedral unit 
δ-(U,Pu)Zr2 Allotropic Modification of δ-(U,Pu)Zr2 Hexagonal 
 
For U-Pu-Zr thermal analysis measurements, the same issues as the U-Zr system apply in that 
sluggish kinetics make phase transition determination difficult. Sample oxidation is also observed to 
widen peaks, thus inducing overlap with neighboring peaks and complicating peak identification. To add 
to this effect, peak shapes may also contain multiple transitions in a region.
74
 Oxide peak widening can 
also further reduce accuracy over a larger set of transition temperatures. 
In summary, sluggish phase transitions in the U-Zr and U-Pu-Zr system and discrepancies in 
reported data must be accounted for during analysis. Using the reported data above, binary phase 
transitions can be identified and best fit to reported results. For the burnup surrogates, fission product 
inclusion and constituent distribution are expected to increase the complexity of phase identification. This 
study was performed to determine experimental phase transitions of burnup systems to better predict and 
simulate the thermophysical properties of metallic fuel. 
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Figure 5-4. Pu-U Phase Diagram from Okamoto
85
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Figure 5-5. Pu-Zr Phase Diagram from Okamoto
86
 
 
 
5.2 TGA/DSC Thermograms 
  
All thermograms are presented with the exothermic direction oriented down. Thermograms with 
isothermal segments are often reported versus time, as opposed to conventional units of temperature (°C). 
This is done for better sample comparisons to non-isothermal data, where isothermal sections are not 
plotted by the instrument software. The operational measurement range is from 25℃ to 1500℃, and the 
instrument calibration is defined in Section 2.8.3. DSC is the main signal of interest in this work, although 
106 
 
TGA is included to determine mass changes as a function of temperature and ramp rate, if needed. Pre-
thermal analysis sample sections were characterized by SEM-EDS to aide in phase determination, and are 
listed in Appendix 4.1. Endothermic heating curve onsets identify sample melting, as more power is 
required for sample melting. Exothermic cooling curve onsets signify solidification, as heat is released 
when samples solidify, signified by a drop in the DSC signal. 
 
5.3 U-Zr Thermal Analysis  
 
The thermal analysis method is defined in this section with respect to the U-Zr system for U, 
U5Zr, and U10Zr measurements. The U-Zr system is the base fuel for all burnup surrogates and serves as 
the baseline measurements for reported experimental data. Literature reported phase transitions are 
utilized as the sampling metric.
29,74,76,79
 Analysis is outlined for a series of ramp rates, crucible types, and 
thermal profiles to determine the optimal sampling profile. Samples were removed of oxide prior to 
introduction into the sample crucible. 
 
5.3.1 U-Zr Thermal Analysis Results 
 
Expected phase transitions from the phase diagram by Sheldon and Peterson (Figure 5-1)
29
 can be 
seen in Table 5-2. Initial runs for the Y-12 series at 20 Kpm in Al2O3 showed consistent deviations from 
expected values, with large oxidation trends and hysteresis effects.  The 20 Kpm rate was determined to 
be too fast to obtain sufficient thermal data, as the sample would heat congruently (Appendix 3-4). 
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According to the literature, ramp rates were determined to not exceed 10 Kpm, and were therefore 
decreased to 2.5, 5, and 10 Kpm.
74,76,77,87
 
 
Table 5-2. Phase Change Temperatures for U and U-Zr Alloys from Sheldon and Peterson.
 
 
U U5Zr U10Zr 
Phase 
Transition 
Temperature 
(°C) 
Type 
Phase 
Transition 
Temperature 
(°C) 
Type 
Phase 
Transition 
Temperature 
(°C) 
Type 
a-U  b-U 668 
Allotrop
e 
𝛼U + 𝛾2
↔ 𝛾1 
617 Peritectoid 
𝛼U + 𝛾2
↔ 𝛾 
617 Peritectoid 
b-U  -U 775 
Allotrop
e 
𝛽U + 𝛾2
↔ 𝛼U + 𝛾2 
662 Eutectoid 
𝛽U
↔ 𝛼U + 𝛾2 
662 Eutectoid 
-UL 1132 Solidus 
𝛾1
↔ 𝛾2 + 𝛽U 
693 Monotectoid 
𝛾1
↔ 𝛾2 + 𝛽U 
693 Monotectoid 
    ~1180 Solidus Solidus ~1240 Solidus 
 
 
Sample curves of U at 2.5, 5, and 10 Kpm in Al2O3 crucibles with associate heating and cooling 
curve transitions and can be seen in Figure 5-6. Heating curve transitions are within good agreement (±5 
°C) of expected values, although cooling curves are not reported because hysteresis produced deviations 
up to 50 °C. 
The Y-12 series alloys were measured at 2.5, 5, and 10 Kpm in Al2O3, with resultant curves in 
Figure 5-7. Oxidation and poor thermal contact resulted in peak broadening and increases in signal noise. 
The Ar flow rates were increased for oxidation mitigation. A sample curve for U5Zr in Al2O3 at 10 Kpm 
is not reported, as the sample melted through the crucible. At temperatures above 1350 °C, multiple 
phases and eutectic points exist in the Al-Zr phase diagram
88
 (Appendix 4-7). Chemical interactions 
between the Al2O3 and Zr were determined to be responsible, and led to a change in crucible material.  
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 2.5 kpm 5 kpm 10 kpm 
Phase Ramp Up ( °C ) Ramp Up ( °C ) Ramp Up ( °C ) 
α(668 °C) -4.2 -2.7 -2.7 
β(775 °C) -2.4 -1.4 -1.4 
γ(1132 °C) -1.4 -2.7 -0.7 
 
Figure 5-6. TGA/DSC of Uranium in Al2O3 at 2.5, 5, and 10 Kpm. (Top Left) 2.5 Kpm (Top Right) 5 
Kpm (Bottom) 10 Kpm. 
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Figure 5-7. TGA/DSC of Y12 Alloys in Al2O3 at 2.5, 5, and 10 kpm. (Top Left) U5Zr at 5kpm (Top 
Right) U10Zr at 5kpm (Bottom) U10Zr at 10kpm. 
 
Pure U was run in triplicate with Al2O3-lined Pt crucibles at 5 Kpm to validate instrument 
operation against theoretical values.  Measured U curves (Figure 5-8) of high reproducibility were 
produced and had great agreement to expected values.  Sample curves also show a reduction in signal 
noise and oxidation peak widening compared to previous samples. 
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Transition 
Temperatures (°C) 
Sample 1 Sample 2 Sample 3 Measured Avg Reported
29
 
αU↔βU 670.7 672.5 671.4 671.5 665.0 
βU↔γU 779.1 781.0 780.1 780.1 776.0 
γU↔ L 1128.0 1129.3 1130.2 1129.2 1135.0 
 
Figure 5-8.TGA/DSC Sample Overlay of Pure U in Al2O3 at 2.5, 5, and 5 kpm.  
 
 
Sample curves of U5Zr and U10Zr in Pt-Al2O3 at 5kpm are shown below in Figure 5-9 and 
Figure 5-10. In general, the data supports the need for further study of the U-Zr phase relationship. 
Resultant phase transition peaks are best matched to the expected phase transitions from the Rough 
diagram.
79
 Sample curves highlight the discrepancies in the phase diagrams and variations in reported 
phase transitions, namely in the U-rich region.
76,77,82,83
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Peak Transition 
U5Zr 
Measured (°C) Reported (°C) 
1 αU + δ↔αU + γ
2
 608.9 610 from Rough
79
 
2 αU + γ2→βU+ γ2  679.9 685 from Irukuvarghula
70
 
3 βU+γ2↔βU+γ1 708.2 705 from Rough
79
 
4 *Solidus 1203 ~1150-1210 
*Solidus  temperatures are reported as upper and lower limits in phase diagram 
 
Figure 5-9. TGA/DSC of U5Zr in Pt-Al2O3 at 5 kpm. 
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Peak Transition Measured (°C) Reported (°C) 
1 αU+δ↔αU+γ
1
 605.4 610
  
from Rough
79
 
2 αU + γ2→βU+ γ2 692.2 685 from Irukuvarghula
70
 
3 Solidus 1223.6 ~1200-1300 from Sheldon
29
 
*Solidus  temperatures are reported as upper and lower limits in phase diagram 
 
Figure 5-10. TGA/DSC of U10Zr in Pt-Al2O3 at 5 kpm with measured and reported phase transitions. 
 
 
5.4 U-Zr Burnups Surrogate Thermal Analysis 
 
The phase transitions and the solidus temperatures for the surrogate burnups prepared in Chapter 
3 were studied by thermal analysis.  Sample measurements were analyzed with the method developed for 
the Y12 U-Zr series, and matched to best known phase transition peaks. Samples were removed of oxide 
prior to DSC analysis, and tested with a series of isothermal and non-isothermal heating profiles. 
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Isothermal segments were added to influence kinetics of formation in order to sharpen phase transition 
peaks in the thermograms. The Y2O3-lined Pt crucibles were used for all surrogate measurements.  
 
5.4.1 15%BU-U10Zr Square Flop  
 
Sample overlay curves of 15%BU-U10Zr  are shown in Figure 5-11. The curves show high 
reproducibility, with only one defined peak at the αU → βU transition.70,79 A minor increase in 
endothermic behavior is observed n around 1100 °C, which could be attributed to the solidus  
transformation.  
 
 
 
Sample Onset (°C) Peak (°C) Transition 
1 673.2 684.1 
αU + γ → βU 2 673.3 681.5 
3 673.7 681.5 
Average 673.4 682.4 
Solidus ≈ 1070 – 1150 °C 
 
Figure 5-11. TGA/DSC Overlay of U15%BU-U10Zr Square-Flop with Onsets and Peaks Positions 
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Isothermal sample curves and a sample overlay can be seen in Figure 5-12, with corresponding 
phases. Each sample includes an isotherm at 1500°C, between their respective heating and cooling curves 
at 10kpm. The “isothermal test” sample also includes an extra 600 °C isotherm in the heating profile. 
Both sample runs follow similar curve tracing with the αU→βU transitions and the reverse transition in 
the cooling curve. Endothermic and exothermic behaviors are within the same relative ranges, attributed 
to solidus temperature between 1000 °C and 1100 °C. The interesting behavior is seen in the cool down 
curves, where it appears that multiple phase changes have occurred around the 1100 °C onset. This 
phenomenon is evident as both curves have similar traces in the area, with the exception of the three 
defined peaks in the isothermal data. The phase changes represented by the phase peaks may be caused by 
the isotherm, although cooling rate dependence and the formation of metastable states are possible.
70
 
 
 
Table 5-3. U15%BU-U10Zr Square-Flop Assigned Phase Transitions for Isotherm and Non-Isotherm 
Samples by Temperature Profile. Sample Ranges Listed if Not Well Defined Peak. All Unassigned 
Transitions are Listed as Not Defined. 
Curve Peak 
Isotherm Non-Isotherm 
Onset Peak Transition Onset Peak Transition 
Heating 
1 659.5 671.6 αU→βU 657.0 673.4 αU→βU 
2 1065.3 1081.6 Solidus 1059.1 ~1000 Solidus 
Cooling 
1 
1120 1120 ↔ 1000 
n/d 1177.6 n/d liquidus 
2 n/d 619.3 600.9 βU→ αU 
3 n/d 
 
4 633.2 600.7 βU→ αU 
*n/d: Not Defined 
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Figure 5-12. 15%BU-U10Zr Square Flop in Pt-Y2O3 at 10 kpm TGA/DSC Sample Curves. (Left)No 
Isothermal at 600 °C. (Right) Isothermal included at 600 °C (Bottom) Sample Overlay 
 
 
5.4.2 U10%BU-U10Zr 
 
10%BU-U10Zr burnup surrogate sections were analyzed with and without isothermal sections, 
and are shown below in Figure 5-13. No peaks were observed before the 600 °C isothermal point. Sample 
one did not have an isotherm and only showed the αU→βU peak. There is, however, a minor increase 
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around 1150 °C, comparable to previous burnup surrogates. Sample two and three both show the αU→βU 
transformation.  Sample two and three have better peak definition and include heating and cooling curves. 
The curve traces and reported phases are highly similar to 15%BU surrogates, although less defined.   
 
Table 5-4. 10%BU-U10Zr Square-Flop Assigned Phase Transitions for Isotherm and Non-Isotherm 
Samples by Temperature Profile. Sample One Not Listed. 
Curve 
Sample Two Sample Two 
Peak Transition Peak Transition 
Heat 678.0 αU→βU 679.5 αU→βU 
Heat ~1140 Solidus ~1130 Solidus 
Cool ~1170 Liquidus ~1180 Liquidus 
Cool 622.8 βU→ αU 619.9 βU→ αU 
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Figure 5-13. 10%BU-U10Zr TGA/DSC Sample Curves in Pt-Y2O3. (Top Left) Sample 1 at 5 kpm with 
no isotherms. (Top Right) Sample 2 at 10 kpm with isotherm at 1500 °C. (Bottom) Sample 3 at 10 kpm 
with isotherm at 1500 °C. 
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5.4.3 7%BU-U10Zr 
 
Burnup surrogate sample sections for 7%BU-U10Zr TGA/DSC analysis are the same as those 
reported in Chapter 3. Reproducible TGA/DSC curves of 7%BU-U10Zr at 5 kpm, as well as associated 
onsets and peak positions were measured (Figure 5-14). A single peak was seen that corresponds to the 
αU → βU transition. No other peaks are located in the data, and the sample solidus temperature was not 
observed.  
 
 
    
 Sample Onset (°C) Peak (°C) 
 1 673.2 684.1 
 2 673.3 681.5 
 3 673.7 681.5 
 Average 673.4 682.4 
    
 
Figure 5-14. 7%BU-U10Zr Batch 2 TGA/DSC in Pt-Y2O3 Sample Overlay with Onsets and Peak 
Positions. 
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5.4.4 15%BU-Pu-U10Zr Batch 2  
 
Only one batch of 15%BU-Pu-U10Zr was used for thermal analysis. Sample one was measured 
with an isotherm at 1500 °C. Sample two and three had 10 minute isotherms at 600 °C and 1500 °C. 
Sample curves are shown below in Figure 5-15.  Each sample curve shows the βPu→ γPu transition at 
198.1 °C, 190.4 °C, and 206.2°C, respectively.
72,74
 Phase transition peaks corresponding to U10Zr (Table 
5-2) transitions were measured and tabulated in Table 5-5.  
 
Table 5-5. U10Zr Phase Transitions Measured in TGA/DSC Curves for 15%BU-Pu-U10Zr Batch 2 
Sample Runs 1–3. 
 Peak 1 Peak 2 Peak 3 
 
Temperature 
(°C) 
Transition 
Temperature 
(°C) 
Transition 
Temperature 
(°C) 
Transition 
Sample 1 656.2 
αU+γ2↔γ 
678.3 
βU↔αU + 
γ2 
703.4 
γ1↔γ2+βU Sample 2 660.3 680.7 706.0 
Sample 3 657.8 678.4 704.1 
 
 
In Table 5-6, measured transitions reported are based on the exothermic and endothermic trends 
in the curves for the 15%BU surrogate. These values are considered to be the solidus and liquidus 
temperatures for the burnup surrogate. All measured values were within the range of experimentally and 
theoretically reported temperatures for the U-Pu-Zr system.
74
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Table 5-6. Measured Transitions for Peak Positions in 15%BU-Pu-U10Zr. 
 Heating Curve (Solidus) Cooling Curve (Liquidus) 
 Onset (°C) Peak (°C) Onset (°C) Peak (°C) 
Sample 1 1044.1 1131.4 1102 1097 
Sample 2 1101 1051.5 1102.3 1097.9 
Sample 3 1118.7 N/A N/A N/A 
 
 
The differences in the sample three curves exist with the two exothermic peaks at 1337.5 °C and 
1477.2 °C. These peaks are possibly due to intermetallics formed in the system., such as a high 
temperature Pu and Zr phase.
86
  
 
121 
 
 
 
Figure 5-15. 15%BU-Pu-U10Zr Batch 2 in Pt-Y2O3 TGA/DSC Samples Curves. (Top) TGA/DSC curves 
of  Sample 1 with isotherm at 1500 °C. (Middle) TGA/DSC curves of Sample 2 with isotherm at 600 °C 
and 1500 °C. (Bottom) TGA/DSC curves of Sample 3 with isotherm at 600 °C and 1500 °C. 
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5.5 Heat Capacity and Kinetics 
 
 Heat capacity and eutectic kinetics analysis were also attempted throughout the project. However, 
method development was not completed due to time constraints and sampling issues. Future studies can 
be completed to obtain this information. Daw outlines a method for heat capacity measurements with the 
DSC and can be used to for future analysis.
89
  
 
5.6 Summary 
 
Several burnup surrogates were analyzed with TGA/DSC analysis. The U allotropic phase 
transitions were measured with high accuracy. Binary system measurements of the U-Zr returned 
relatively good results, although sluggish kinetics and discrepancies in the phase diagrams remain a key 
opposition to thermal measurements. Solidus and liquidus temperatures have been proposed and fall 
within currently reported values for the ternary fuel system. Much more analysis is required to accurately 
determine the thermophysical behavior and quantify phase transformations, with emphasis on the ternary 
system.
74
 Burnup surrogates represent these highly complex systems where large data gaps existing 
between the current understanding of the metallic fuel systems. Data provided by this work provides a 
potential route for measurement and phase determination of highly complex burnup phases. 
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Chapter 6: Diffusion Analysis 
Diffusion analysis of surrogate burnups can provide a route to simulate and predict FCCI for 
metallic fuels. Accurate simulation and prediction of FCCI can be of great utility to study metallic fuel 
performance.  In this chapter, surrogate burnups were heat treated against cladding materials and 
compared to PIE data to assess FCCI simulation. Overall, the burnup surrogates were found to simulate 
many characteristic behaviors of FCCI. Diffusion interfaces and heat treatment are summarized in Table 
6-1 and Table 6-2. Sample interfaces were analyzed with diffusion couple methods and associated 
calculations (Chapter 2). Interdiffusion zones and penetration distances were characterized by SEM/EDS.  
 
Table 6-1. Summary of U and U10Zr Sample Interfaces with Zr and HT9 
Interface 
Temperature 
( °C) 
Zr HT9 
U 
550 4 samples run and remained intact. 
4 samples run at 789, 1559, 1440 
hours 
600 
5 samples ran and salt pellet included in 2
nd
 
stack. Salt stack lost pressure during 
sampling. 
4 samples run and the 4
th
 one 
partially separated. 
Δx(Fe,Cr)2U ≈ 2μm 
Δx(U,Pu)6Fe ≈ 40μm 
650 
4 diffusion couples ran and remain intact. 
No diffusion seen in the 3
rd
 run. 
4 samples ran with a furnace failure 
occurring in the 4
th
 sample. 
 
1
st
 2 samples separated 
U10Zr 
550 
Δxδ-UZr2 ≈ 7μm 
Kp = 9.5 x 10
-18
 m
2
/s
 
U6Fe diffusion 
Δxmax ≈ 45-50μm 
600 
Δxδ-UZr2 ≈ 14μm 
Kp = 3.8 x 10
-17
 m
2
/s 
U6Fe diffusion 
Δxmax ≈ 50μm 
650 
Δxδ-UZr2 ≈ 110μm 
Kp = 2.3 x 10
-13
 m
2
/s 
Minimal (Fe,Cr)2U patches with no 
U6Fe diffusion 
15%BU- 
U10Zr 
550 1 sample ran and intact 2 samples ran 
600 1 sample ran and intact 
2 samples ran and the 1
st
 sample 
separated 
650 1 sample ran and intact 2 samples ran 
7%BU- 
U10Zr 
600 1 sample run 2 sample runs 
650 
2 samples ran. Sample melt seen in the 
middle of the interface Zr|7%BU-U10Zr 
Sample melt seen in the middle of the 
interface Zr|7%BU-U10Zr 
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Table 6-2. Summary of U-Pu-Zr Sample Interfaces with Zr and HT9 
Interface 
Temperature 
( °C) 
Zr HT9 
15%BU- 
Pu-U10Zr 
550 
UPu-hi temperature region 
similar to U10Zr 
 
30-40 μm diffusion zone, 
consistent with δ–UZr2 
 
Δxδ-(U,Pu)Zr2 ≈  25μm 
 
Kp = 1.2 x 10
-16
 m
2
/s 
 
No real diffusion in lanthanide 
phase 
Gap occurred at the top of the interface 
 
Majority of interface similar diffusion behavior to 
U10Zr interface. Pu present, lower intensity than 
opposite sample face and no lanthanides evident 
on interface 
 
Globular diffusion features, local diffusion 
spreading latterally, (Fe,Cr)2U outerlayer in HT9 
side. 
 
Cr enhanced at (Fe,Cr)2 (U,Pu) interface with HT9 
 
U6Fe/ZrFe deeper diffusion zone than  previous 
UZr interfaces 
 
Zr inclusions in (U,Pu)6Fe. 
 
 
Δx (U,Pu)6Fe ≈  35 - 40μm 
 
600 
Interface mainly δ–(U,Pu)Zr2  
that behaves similar to U10Zr 
interface, only thicker. 
 
Δxδ-(U,Pu)Zr2 ≈  55μm 
 
Kp = 5.8 x 10
-16
 m
2
/s 
 
~10μm on alloy side 
~35μm on Zr side 
Sample gap present along most of the interface, 
although bottom is still attached 
 
Diffusion still present with splitting along (Fe,Cr)2 
layer 
 
Fe diffusion into alloy 
 
Δx (U,Pu)6Fe ≈  70-80μm 
 
Fe counts appear again at ~100 μm 
650 
δ–(U,Pu)Zr2  behaves like 
U10Zr interface but thicker 
 
Δxδ-(U,Pu)Zr2 ≈  300μm 
 
Kp = 1.2 x 10
-14
 m
2
/s 
 
No real diffusion in 
Lanthanide phase 
Gap present among the ¼ of the interface. 
Diffusion certainly present as interface remained 
intact. 
 
(Fe,Cr)2U observed, but not U6Fe  
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6.1 Diffusion Interfaces 
 
Interfaces of U and Zr have been shown to have strong interactions.
74,76,90
 The γU remains toward 
the center of the fuel elements, where αU preferentially forms towards the periphery where temperatures 
are lower 
11
 Closer to the interface, deep interdiffusion zones form between U and Zr, primarily consisting 
of δ-UZr2 phase.
90
 A sample profile for U-Zr is shown in Figure 6-6. The cladding used for this study was 
HT9, although other candidate claddings exist.
43
  
 Lanthanides diffuse farthest into the cladding, namely Nd and Ce. Sample phases of U and Fe 
formed are U6Fe and Fe2U.
59
 The U6Fe phase formation is known to preferentially form due to lattice 
similarities and the lower eutectic melt point of U6Fe,.
29,44,59
  When Pu is added, it forms similar phases to 
those of U and Fe, as (U,Pu)6Fe  and Fe2(U,Pu).
44
 Phase layers of cubic (Fe,Cr)2U form at the fuel-
cladding interface, with minimal Cr diffusion into the U6Fe phase.
43,44,91
 
 
6.2 Diffusion Results  
 
Several diffusion couples were tested against HT9, and were measured and analyzed for FCCI . 
Diffusion depths were measured, and diffusion coefficients and/or parabolic growth constants of 
proportionality were calculated (Table 6-3). The Zr interface with HT9 observed had the least interaction, 
as diffusion coefficients were smallest; with Pu interfaces showing the highest values. In all measured 
diffusion coefficients, that of the U6F phase was observed to be larger than the Fe2U phase, as 
expected.
29,44,59
 The Pu was observed to be the most penetrating fuel element, forming (U,Pu)6Fe, with  
Fe-Zr phases also present within the phase. Globular interdiffusion was observed at the (Fe,Cr)2  interface 
with HT9. Sample splitting in U-Pu-Zr occured as gaps in some interfaces. Compositional changes in the 
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diffusion interfaces resulted in non-uniform interdiffusion patterns and further study is needed to fully 
understand and control FCCI. 
Lanthanides were observed to be the highest penetrating elements of the fission products. 
Lanthanide interactions predominately formed phases with Fe, but were shown to be mitigated by Zr-rich 
surface layers. Enhancement of Cr was observed at the HT9-interaction layer interfaces, but did not 
diffuse into the cladding. Precipitates of Pd are seen in elemental maps, along with a Zr rich layer around 
the lanthanide phases. Sample measurements show general agreement with PIE.
43
 
 
Table 6-3. Diffusion coefficients and predicted diffusion depth at 10 years. Stoichiometric Phases 
Reported with Flat Profile Diffusion Model. Error Function Used for Upper Limit of Diffusion. Upper 
Limits are an Over Approximation of Actual Coefficients. 
Interface 𝑻 (℃) 𝒕 (h) 𝑫𝐦𝐚𝐱 (m
2
/s) 
𝒌𝒑 
(m
2
/s) 
∆𝒙 (10 yr) 
(μm) 
Diffusion 
Model 
Zr|HT9 
550 5857 3.0 × 10
‒21
 
N/A 
3.2 
Error 
Function 
600 5857 2.9 × 10
‒21
 3.1 
650 1440 4.3 × 10
‒21
 3.8 
HT9|U 
550 1440 
(Fe,Cr)2U: 9.4 × 10
‒20
 122 
Flat  
Profile 
 
FeU6: 1.9 × 10
‒17
 2440 
600 1440 
(Fe,Cr)2U: 2.3 × 10
‒18
 474 
FeU6: 5.6 × 10
‒17
 4090 
650 1440 
(Fe,Cr)2U: 4.0 × 10
‒18
 824 
FeU6: 2.3 × 10
‒16
 16800 
HT9|U10Zr 
550 1440 
(Fe,Cr)2U: 2.3 × 10
‒19
 164 
FeU6: 1.9 × 10
‒17
 2400 
600 1440 
(Fe,Cr)2U: 8.4 × 10
‒19
 287 
FeU6: 4.1 × 10
‒19
 3560 
650 1440 
(Fe,Cr)2U: 1.5 × 10
‒18
 644 
FeU6: N/A N/A 
HT9|15%BU-U10Zr 
550 1440 
(Fe,Cr)2U: 3.7 × 10
‒19
 170 
FeU6: 1.3 × 10
‒17
 2020 
600 1440 
(Fe,Cr)2U: 2.3 × 10
‒17
 1900 
FeU6: 1.5 × 10
‒16
 6520 
650 1440 
(Fe,Cr)2U: N/A N/A 
FeU6: N/A 
 
The calculations were then used to predict diffusion after 10 years to assess the effect of 
prolonged surrogate exposure on cladding materials. The FeU6 phase shows largest growth over that 
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period, with Pu diffusion couples reporting the highest average. The absence of Kp values can be 
explained by the lack of measurable zones.   
Diffusion analysis sometimes leads to immeasurable diffusion zones; however this does not rule 
out diffusion. Post heat treatment interfaces remained bonded when removed from diffusion clamps, 
signifying some diffusion. The SEM had an EDS spatial resolution of Sr ≥ 1μm. With an accelerating 
voltage of 15-20 kV, interaction volumes should be approximately 1 μm in diameter. This will lead to a 
reduction of precision when measuring diffusion zone depths because of overlap between adjacent 
interaction volumes. Elements with large atomic numbers measured in this work will further reduce Sr, as 
larger elements decrease the interaction volume, resulting in enhanced diffusion measurement 
resolution.
67
 Negative correlation of error functions fits versus temperature also points to immeasurable 
diffusion. In some error function fits, increased exposure time saw a decrease in the calculated diffusion 
coefficient, even though it should remain constant. This indicates immeasurable diffusion as 
concentration profiles being measured were actually including interaction volumes from quantitative 
points near the couple interface. Measurable diffusion should result in increased diffusion coefficients 
with temperature.  
In this work, samples of immeasurable diffusion often showed no correlation between the 
increased temperature and the calculated diffusion coefficients, and the fluctuations were therefore 
considered to be random. Calculated diffusion coefficients in these cases are considered as upper limits 
(Table 6-3). 
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6.3 Sample Interfaces with HT9 
 
For samples interfaces with HT9, lattice mismatches after heat treatment likely caused interface 
separation. Figure 6-1 shows a sample diffusion couple for HT9 and U. Typical Fe diffusion from HT9 
into the U is observed, along with diffusion of cubic (Fe,Cr)2 into the cladding and a tetragonal (Fe,Cr) U6 
phase into the U.
43,44,59
 In the HT9 and U10Zr interface at 650 °C, the (Fe,Cr)2U phase was observed, 
where the U6Fe phase was not. At the elevated temperatures, lattice base diffusion is reduced as the 
phase structure of U-Zr changes.  
The Pu interfaces with HT9 demonstrated similar behavior (Figure 6-2).  The interface of HT9 and 
the 15%BU-Pu-U10Zr alloy at 600 °C is reported as expected, with Pu substituted in as (Fe,Cr)2(U,Pu) 
and Fe(U,Pu)6. Results for 550 °C were the same as 600 °C, but 650 °C the couples did not show a 
(U,Pu)6Fe phase. 
 
  
Figure 6-1. HT9 and U interface for 60 day run at 600°C (Left) BSE Image of Interface (Right) QLS 
Data Points. 
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Figure 6-2. HT9 and 15%BU-U10Zr interface for 60 day run at 600 °C (Left) BSE Image of Interface 
(Right) QLS Data Points. 
 
 
6.3.1 Lanthanide Alloy with HT9 
 
Lanthanide migration into HT9 with large interdiffusion zones were seen, consistent with those 
reported in the literature.
43
 The Nd and Ce constituents are the most penetrating, along with largest 
lanthanide wt% representations in the alloys based on burnup. A sample interdiffusion zone with HT9 can 
be seen in Figure 6-3. The measured interdiffusion zone was ~100-150 μm thick. Results are comparable 
to breached fuel pins DP-70 and DP-75, with measured diffusion up to 170 μm by Keiser.43 These results 
are expected, as solid phases of lanthanides in direct contact with cladding is considered the worst case 
scenario in terms of FCCI, and should result in the largest interdiffusion thicknesses. 
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Figure 6-3. Lanthanide Alloy and HT9 interface for 60 day run at 600°C (Left) BSE Image of Interface at 
250x (Right) QLS Data Points. QLS points move from HT9 into Lanthanide Alloy. 
 
 
6.3.2 7%BU-U10Zr  
 
 Sample interfaces of HT9, Zr, and 7%BU-U10Zr melted in the middle of the stack at 650 °C. U, 
Zr, and Fe are identified in sample elemental maps, with all other elements being immeasurable due to the 
large area map and overwhelming signal from the major elements. A colorized map has been included for 
determination of elemental distribution  
Figure 6-4). Although no diffusion coefficients were calculated, the sample can be compared to 10%BU 
breached pins DP-75 and DP-70. Reported cladding layers were up to 45% consumed by FCCI layers, 
where non-breach samples had ~20% consumed.
43
 Resulting diffusion samples are considered a sample 
breach and a surrogate pin failure for 7%BU, which is within 3%BU of breached pins from Keiser.
43
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Figure 6-4. Map of HT9 |7%BU-U10Zr | Zr|7%BU-U10Zr 60 day run at 650°C Combined Interface.  
(Left) SE Map at 35x (Right) Color Map of Elemental Distribution 
 
In other interfaces of U7%BU-U10Zr, interdiffusion was not always observed. This is primarily 
dependent on sampling site compositions. In general, at high temperature constituent regions, 
interdiffusion was not observed where there were UZr rich layers at the interfaces (Figure 6-5).  
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Figure 6-5. Elemental Maps of 7%BU-U10Zr | HT960 day run at 600°C interface. 
 
 
Precipitates of Pd are observed in elemental maps, along with a Zr rich layer around the 
lanthanide phases. The Zr layer appears to limit diffusion around the lanthanides at the periphery. This is 
similar to reported Zr rind and interaction studies, where FCCI was shown to occur at sampling areas 
without the Zr rind/material.
43,44
 Lanthanides were also shown not to diffuse into the cladding where the 
Zr rich regions were present.
43,44
 In presented interfaces, lanthanides contained within the Zr layer were 
not shown to diffuse, consistent with those reported in literature.
43,44,92
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Diffusion coefficient maximum values were calculated for U, U10Zr, and 15%BU-Pu-U10Zr in Table 
6-4. The values support the work by Huang, who determined that U6Fe is diffusion is much faster than the 
Fe2U phase growth. The growth of the Fe2U phase is impeded by the growth of U6Fe.
59
 
 
Table 6-4. Maximum Values for Diffusion Coefficients of U, U10Zr, and 15%BU-Pu-U10Zr. 
 U U10Zr 15%BU-Pu-U10Zr 
Temp DFeU6 (m
2
/s) D(Fe,Cr)2U (m
2
/s) DFeU6 (m
2
/s) D(Fe,Cr)2U (m
2
/s) DFeU6 (m
2
/s) D(Fe,Cr)2U (m
2
/s) 
550 1.9 × 10
‒17
 2.7 × 10
‒19
 1.9 × 10
‒17
 5.6 × 10
‒19
 1.3 × 10
‒17
 5.0 × 10
‒19
 
600 5.5 × 10
‒17
 2.4 × 10
‒18
 4.2 × 10
‒17
 9.4 × 10
‒19
 1.5 × 10
‒16
 2.3 × 10
‒17
 
650 2.3 × 10
‒16
 4.0 × 10
‒18
 N/A 1.6 × 10
‒18
 No diffusion observed 
 
 
6.4 Sample Interfaces with Zr 
 
Sample interfaces with Zr highlight the ability of the surrogate alloys to simulate the mitigation of 
lanthanide phase diffusion, and the width of the δ-(U,Pu)Zr2 phase increased at higher temperatures and 
with Pu content. Figure 6-6 shows the diffusion of the δ-UZr2 into Zr. The inclusion of Pu into system 
lead to an increase δ-(U,Pu)Zr2 interaction depth. Results are consistent with PIE
43
, as Pu is the highest 
penetrating fuel constituent. A comparison of δ-(U,Pu)Zr2 diffusion depths (Table 6-5) and a BSE 
qualitative view of interaction zone comparisons (Figure 6-7) are presented. Experimentally measured 
phase widths agree with literature in that they increase with higher temperatures and inclusion of Pu.
43,44
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Figure 6-6. U and Zr interface for 60 day run at 600°C (Left) BSE Image of Interface (Right) QLS Data 
Points. 
 
 
Table 6-5. δ-(U,Pu)Zr2 Phase Widths versus Temperature for U10Zr and 15%BU-Pu-U10Zr 
Temp. (℃) Zr |U10Zr (µm) Zr|15%BU-Pu-U10Zr (µm) 
550 7 25 
600 14 55 
650 110 300 
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Figure 6-7. BSE Qualitative View of δ-(U,Pu)Zr2 Phases from Interface with Zr. 
 
 
6.4.1 Lanthanide Alloy-Zr Interface 
 
Lanthanide alloy interfaces with Zr did not show any evidence of diffusion after a 1480 hour run 
at ~670°C. This is not unexpected, as the Zr enhanced layers and rinds mitigate diffusion and limit 
FCCI.
43,44
 If the Zr is not intact, FCCI will occur at Zr voids, as shown by Keiser (Figure 6-8).
43
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Figure 6-8. Fuel Element T-225, U-23Zr with D9 Clad. (Left) Traverse section at bottom of element 
(Right) Zoomed in region of Traverse section. Arrows represent Zr free regions with FCCI present.
43
  
 
 
6.4.2 U15%BU-Pu-U10Zr  
 
 Diffusion couples of 15%BU-Pu-U10Zr often included a gap at the interface primarily located at 
the interface edge (Figure 6-9), with the (Fe,Cr)2U layer observed on both sides. The U6Fe zone is 
observed with Zr inclusion present. The Fe diffusion of 70-80 µm into burnup surrogate is observed, and 
appears again at ~100 µm. In Figure 6-10, a 15%BU-Pu-U10Zr interface with HT9 shows globular like 
diffusion at the interface. Diffusion of (Fe,Cr)2U appears in the surface of the HT9, and Cr is enhanced at 
the (Fe,Cr)2U / HT9 interface. Fe diffuses into the alloy to a depth of 35-40 µm in the U6Fe phase, 
accompanied by Zr inclusions within the zone.  Zr inclusions in Fe phase were reported by Keiser
43
, as Zr 
forms phases with Fe from cladding.  
 
137 
 
  
Figure 6-9. HT9 | 15%BU-Pu-U10Zr Interface for 60 Day Run at 600°C. (Left) BSE Image at 500x 
(Right) Qualitative Line Scans. 
 
  
 
 
  
Figure 6-10. 15%BU-Pu-U10Zr | HT9 Interface for 60 Day Run at 550°C Run. (Left) BSE Image at 
2000x (Right) QLS Data Points. 
 
In Figure 6-11, a QLS was taken at the interface of 15%BU-U10Zr with Zr across an interaction zone, 
which was 50-60 µm thick. A lanthanide inclusion is seen in the sample with possible Y present. The 
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interdiffusion region is δ-(U,Pu)Zr, with lanthanides showing no apparent diffusion. Results are 
consistent with literature.  
 
  
Figure 6-11. 15%BU-Pu-U10Zr | HT9 Interface for 60 Day Run at 600°C Run. (Left) BSE Image at 750x 
(Right) QLS Data Point 
 
 
6.5 Summary 
 
In this chapter, the diffusion couple analysis of surrogate burnup was performed to assess the 
ability to simulate FCCI. Overall, burnups were observed to simulate many of the characteristics of PIE 
data. The lanthanides were shown to diffuse readily into the fuel, except at the Zr enhanced layers at the 
interfaces. Enhancement of Cr was observed, with limited diffusion at the interface. The calculated phase 
growth of the U6Fe phase was larger than U2Fe phase, as expected because of lattice similarities and its 
lower melting eutectic.
44,59
 The inclusion of Pu into the matrix enhances FCCI and the growth of phase 
layers. Immeasurable diffusion does not imply that diffusion did not exist, and the upper limit of diffusion 
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was calculated by fitting error functions. In some cases, higher temperature heat treatments showed fewer 
interactions than the lower temperatures heat treatments of the same interfaces. This is attributed to a 
reduction in lattice based diffusion as the phase structure changes with elevated temperatures.
44,91
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Chapter 7: Conclusion 
 
Next generation fast reactor designs utilizing metallic fuel are being developed as an option to oxide 
reactors. Increased thermal conductivity, fissile atom density, inherent safety, and ability to reach 
progressively higher burnups are all attractive advantages brought on by the switch to the metallic fuel. 
To date, EBR-II was the most extensive operational study of metallic fuel and FCCI influenced by fission 
product ingrowth. The U-Zr and U-Pu-Zr fuel pins analyzed at EBR-II by PIE studies have laid the 
fundamental knowledge base for understanding chemical interactions within metallic fuels during reactor 
burnup. Chemical complexity of metallic fuels was shown to increase as a function of burnup and can 
lead to breaches in containment cladding.  
In this dissertation, an arc melting method was developed for burnup surrogate alloy synthesis. 
Burnup surrogate alloys were simulated up to 15%BU for both U-Zr and U-Pu-Zr fuel systems. 
Compositional analysis by SEM/EDS showed the wide ranging constituent distribution consistent with 
literature. The 15%BU surrogates resulted in the widest ranging compositional makeups for the alloys, 
based on higher fission product ingrowth. Other high temperature metals appeared in smaller 
concentrations and within lanthanide phases as precipitates. Volatile elements of Ba/Sr were reported in 
PIE, although they were rarely observed in the bulk surrogate alloys. Other volatile elements and noble 
gases traditionally found in nuclear fuel were not included in the samples. Noble gases are considered 
unreactive, and Cs, I, and Rb have melting points too low for accurate representation in the surrogate 
alloys.  
Thermal analysis data for U-Zr binary samples saw good comparison with reported values, 
although sluggish kinetics in the U-Zr system led to difficulties of measurement. Phase determination for 
surrogate fuel alloys and complex intermetallics formed in the alloys was rather complex. Phase 
determination for burnup systems can be improved with thermodynamic calculations, as well as further 
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studies. Burnup surrogate transitions measured are mainly from the U/Pu element as they are the largest 
constituents. Phase transitions of interest were mainly solidus and liquidus points for alloys, with Pu 
samples having the lowest measured solidus temperatures. 
Burnup surrogates were heat treated against HT9 cladding and Zr. Diffusion coefficients and 
proportionality constants were calculated based on diffusion depths. The majority of diffusion coefficients 
were calculated with flat profile fits. Error functions were used to calculate upper limits of diffusion; as 
measurable diffusion was not possible due to spatial resolution limits and in EDS. Lanthanides were 
observed to be the highest penetrating elements of the fission products. Lanthanide interactions resulted in 
phases formed with Fe, but were shown to be mitigated by Zr rich regions. The Cr was enhanced at 
interaction zones, but did not diffuse into fuel alloy. Globular interdiffusion zones were seen at 
(Fe,Cr)2(U,Pu)  / HT9 interfaces. Precipitates of Pd were seen in elemental maps, along with a Zr rich 
layers around the lanthanide phases. The Pu was the most penetrating fuel element, forming (U,Pu)6Fe 
with Zr-Fe present in the phase. Sample splitting in U-Pu-Zr occurs as gaps in the interface.  
Overall, compositional changes in the diffusion interfaces resulted in non-uniform interdiffusion 
patterns, and further study is needed to fully understand and control FCCI. Diffusion in the U-Zr and U-
Pu-Zr systems is mainly defined by the formation of U6Fe(U,Pu) , Fe2(U,Pu), δ-(U,Pu)Zr2 phases. Work 
reported in this data closely mirrors data from EBR-II and can be used to accurately simulate metal fuel at 
elevated burnups without post-irradiated material. Overall, the methods proposed can be tied in to find a 
method for a complete analysis, similar to the methodology of Degueldre et. al.
93
  
Future work should include computational analysis of fuel chemistry to help draw comparisons to 
experimental data. Thermal analysis data could be improved with better oxide control by the inclusion of 
an oxygen trap in the system, and eutectic interfaces can be targeted. Heat capacity measurements can 
also improve characterization of alloys. Spectral resolution problems can be decreased with the 
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introduction of EPMA. Lastly, the burnup surrogate preparation method could be applied to alloys with 
minor actinide additions to simulate TRU burning fuel and its application to next generation fast reactors. 
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Appendix-I 
Appendix 1-1. Nd-Ce-La-Pr Flop Casted Alloy and Mass Information 
 
Element Molar Fraction Mass Actual(g) Wt%  
 
Nd 0.0852 1.1202 47.52  
Ce 0.0521 0.5933 25.17  
La 0.0289 0.3512 14.90  
Pr 0.0258 0.2927 12.42  
 Total: 2.3574 100.00  
 
 
 Lanthanide fission product model alloy was tested for flop casting in circular mold. The smallest 
constituents Sm and Y were not included because gross behavior of the materials can be represented by 
the elements included in the alloy. Sample masses were based on rough trends in their molar fractions, 
with Nd being the largest mass constituent. The sample was arc-flipped three times and then prepared for 
flop casting. Resulting sample was flop casted for a final mass of 2.3556 g. Total mass loss after four arcs 
was 0.0018 g with a mass loss per arc of 0.0005 g/arc. 
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Appendix-II 
 
2.1 15%BU-U10Zr Sample Preparation 
 
Batch preparation conditions for 15%BU-U10Zr. Samples are broken down by batch preparation, 
U10Zr contributions, fission product breakdown, and sub-alloy additions. 
 
2.1.1 Flop Casted 15%BU-U10Zr 
 
A high temperature pellet including excess Zr as a disc with U10Zr for a final mass of 0.2698 g. 
Excess Zr powder was included in the pellet, to compensate for mass losses from the grind/polish stage. 
Lanthanide constituents were arc melted together for a mass of 0.1214 g and subsequently arced with the 
high temperature materials for a mass of 0.4192 g. High temperature and lanthanide arc melt was arced 
and flipped with U10Zr three times for a mass of 3.9400 g. Resulting burnup surrogate mass was arced 
and flipped with Ba-Sr four times for homogenization prior to flop casting. The sample was flop casted 
for a final sample mass of 3.9658 g. Final total sample loss after eleven arcs was 0.1717 g with a mass 
loss per arc at 0.0156 g/arc. The sample was annealed under inert glovebox atmosphere conditions at 650 
°C for one week. An annealing temperature below the melting point of Ba and Sr, which are 727 °C and 
777 °C, respectively, was selected.
6
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Appendix 2-1. U10Zr Contributions and Fission Breakdown Pre-Arc Masses for Flopped 15%BU-
U10Zr. 
U10Zr Contributions 
Total Zr need 
(FP +Fuel) 
Fuel Alloy U 
(g) 
Amount Zr from 
U10Zr (g) 
Additional Zr 
Need (g) 
Additional 
Zr Added (g) 
Total U10Zr 
Need (g) 
U10Zr 
Added 
(g) 
0.4614 3.2009 0.3557 0.1058 0.1048 3.5565 3.5682 
       
Fission Product Mixture 
Fission  
Product 
AVG Molar 
Fractions 
MW  
(g/mol) 
Scaled Mass 
Yields (g) 
Scale Factor 
Desired 
Mass (g) 
Pre Arc 
Mass (g) 
Mo 0.1128 95.9400 10.8220 
0.0046 
0.0494 0.0457 
Ru 0.1062 101.0700 10.7290 0.0490 0.0463 
Zr 0.1035 91.2240 9.4440 0.0431 0.1261 
Nd 0.0852 144.2400 12.2920 0.0561 0.0557 
Pd 0.0771 106.4200 8.2090 0.0375 0.0385 
Ce 0.0521 140.1160 7.3040 0.0333 0.0352 
Ba 0.0404 137.3270 5.5510 0.0253 0.0254 
La 0.0289 138.9055 4.0100 0.0183 0.0197 
Rh 0.0285 102.9055 2.9320 0.0134 0.0000 
Pr 0.0258 140.9077 3.6400 0.0166 0.0193 
Tc 0.0258 98.0000 2.5260 0.0115 0.0120 
Sm 0.0234 150.3600 3.5220 0.0161 0.0167 
Sr 0.0181 87.6200 1.5830 0.0072 0.0170 
Y 0.0099 88.9059 0.8820 0.0040 0.0069 
  
Total: 83.4460 N/A 0.3808 0.4645 
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Appendix 2-2. Sub Alloy(s) for Flopped U15%BU-U10Zr Burnup Surrogate. 
Sub Alloy(s) for Flopped U15%BU-U10Zr 
Lanthanide Alloy   High Temperature Arc Melt 
Element Pre Arc Mass (g) 
 
 Element Pre Pellet Mass (g) 
Nd 0.0557 
 
 Mo/Ru/Rh/Zr (excess) pellet 0.1201 
Ce 0.0352 
 
 Zr disc) 0.1014 
La 0.0197 
 
 Tc (section) 0.0120 
Pr 0.0193 
 
 Pd (disc) 0.0385 
Sm 0.0167 
 
 Total: 0.1519 
Y 0.0069 
  
  
Total: 0.1535 
    
      
  Final Arc with All Constituents 
Element Pre Pellet Mass(g) Wt%  Element Pre Arc Mass 
Mo 0.0503 38.05  Ba 0.0254 
Ru 0.0510 38.58  Sr 0.0170 
Rh 0.0272 20.57  FP + Fuel 3.9400 
Zr Excess (powder) 0.0037 2.80  Total: 3.9824 
Total: 0.1322 100.00    
 Post Pellet Mass 0.1201    
 
 
2.1.2 Non-Flop Casted 15%BU-U10Zr 
 
A second batch of 15%BU-U10Zr was prepared as the first batch but without flop casting.  The 
Mo, Ru, and Rh high temperature pellet was prepared and arc melted with Pd. The resulting high 
temperature bead was arc melted with Tc. High temperature metals were arc melted together with U10Zr 
and the Zr disc. Lanthanide constituents were arced together, added to the other constituents, then arced 
and flipped twice with the high temperature and fuel alloy beads. The resulting burnup surrogate mass 
was arc melted with Ba-Sr two times for homogenization for a mass of 4.0004 g. Surface oxidation of the 
sample had built up over the sample storage period and was removed under glovebox conditions with 
147 
 
mechanical methods for a sample mass of 3.9899 g. The burnup surrogate was arc melted one more time 
resulting in surface oxidation. Since adequate homogenization was completed prior to sample storage, the 
sample was used for further analysis. Final total sample loss after eight arcs was 0.0928 g with a mass 
loss per arc at 0.0116 g/arc. Total applied arcs were lower than flop casted batches, yet the total mass loss 
was still higher. This can be attributed to excess surface oxide removal after inert storage. 
  
 
Appendix 2-3. U10Zr Contributions and Fission Breakdown Pre-Arc Masses for Non-Flopped 15%BU-
U10Zr 
U10Zr Contributions 
Total Zr need 
(FP +Fuel) 
Fuel Alloy 
U (g) 
Amount Zr 
from U10Zr (g) 
Additional 
Zr Need (g) 
Additional Zr 
Added (g) 
Total U10Zr 
Need (g) 
U10Zr 
Added (g) 
0.4614 3.2009 0.3557 0.1058 0.0531 3.5565 3.5672 
       
Fission Product Mixture 
Fission 
Product 
AVG Molar 
Fraction 
MW(g/mol) 
Scaled Mass 
Yields(g) 
Scale Factor 
Desired 
Mass 
Pre Arc 
Mass 
Mo 0.1128 95.9400 10.8220 
0.0046 
0.0494 0.0590 
Ru 0.1062 101.0700 10.7290 0.0490 0.0587 
Zr 0.1035 91.2240 9.4440 0.0431 0.0531 
Nd 0.0852 144.2400 12.2920 0.0561 0.0536 
Pd 0.0771 106.4200 8.2090 0.0375 0.0363 
Ce 0.0521 140.1160 7.3040 0.0333 0.0401 
Ba 0.0404 137.3270 5.5510 0.0253 0.0349 
La 0.0289 138.9055 4.0100 0.0183 0.0269 
Rh 0.0285 102.9055 2.9320 0.0134 0.0132 
Pr 0.0258 140.9077 3.6400 0.0166 0.0209 
Tc 0.0258 98.0000 2.5260 0.0115 0.0129 
Sm 0.0234 150.3600 3.5220 0.0161 0.0205 
Sr 0.0181 87.6200 1.5830 0.0072 0.0174 
Y 0.0099 88.9059 0.8820 0.0040 0.0149 
  
Total: 83.4460 N/A 0.3808 0.4624 
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Appendix 2-4. Sub Alloy(s) for Non-Flopped U15%BU-U10Zr Burnup Surrogate. 
Sub Alloy(s) for Non-Flopped U15%BU-U10Zr 
Element Pre Arc Mass (g) 
  
Element 
Pre Arc Mass 
(g) 
Nd 0.0536 
  
Mo/Ru/Rh Pellet 0.1309 
Ce 0.0401 
  
Pd 0.0363 
La 0.0269 
  
Tc 0.0129 
Pr 0.0209 
  
U10Zr + Zr Disc 3.6203 
Sm 0.0205 
  
Lanthanides 0.1769 
Y 0.0149 
  
Total: 3.9773 
Total: 0.1769 
    
      
Element Pre Pellet Mass (g) Wt% 
 
Element 
Pre-Arc Mass 
(g) 
Mo 0.0591 45.08  
Ba 0.0349 
Ru 0.0588 44.85  
Sr 0.0174 
Rh 0.0132 10.07  
FP + U10Zr 3.9773 
Total: 0.1311 100.00  
Total: 4.0296 
 
Post Press Mass (g) 0.1309 
   
 
 
2.1.3 Square-Flop Casted 15%BU-U10Zr 
 
A third batch of 15%BU-U10Zr was prepared and flop casted with a square mold. The U10Zr 
was prepared from U5Zr and Zr. The U5Zr and excess Zr were not arc melted together prior to inclusion 
in the sample. No sub-alloy arc melts were performed for this sample to increase homogenization and 
reduce total mass loss.. Lanthanides, Pd, Tc, U5Zr, Zr excess disc, and Ba-Sr were introduced as 
individual sections. A high temperature pellet including Mo, Ru, Rh, and Zr was arc melted with the other 
constituents. The U5Zr section is the largest constituent and was stacked on top of the others in an effort 
to reduce sample loss from arc volatilization. The U5Zr has good thermal stability when subjected to the 
arc; therefore it was thought U5Zr would shield other constituents from mass loss. The sample was arc 
melted and flipped three times for a resulting mass of 4.0106 g. The sample was arced and flipped two 
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more times in preparation for flop casting. Initial flop casting with a circular mold was unsuccessful. The 
sample was re-arced together for a sample mass of 3.9904 g. Circular mold flop casting was once again 
unsuccessful. The sample was re-arced two more times for a mass of 3.9628 g. A square mold flop cast 
was successful for a final mass of 3.9565 g. Final total mass loss after eleven arcs was 0.1181 g with mass 
loss per arc of 0.0107 g/arc.  
 
Appendix 2-5. Fission Product Breakdown for 15%BU-U10Zr Square Flop 
Fission Product Mixture 
Fission Product 
AVG 
Molar Fraction 
MW 
(g/mol) 
Scaled 
Mass Yields (g) 
Scale 
Factor 
Desired 
Mass (g) 
Pre Arc 
Mass (g) 
Mo 0.1128 95.9400 10.8220 
0.0046 
0.0494 0.0500 
Ru 0.1062 101.0700 10.7290 0.0490 0.0491 
Zr 0.1035 91.2240 9.4440 0.0431 0.0441 
Nd 0.0852 144.2400 12.2920 0.0561 0.0646 
Pd 0.0771 106.4200 8.2090 0.0375 0.0382 
Ce 0.0521 140.1160 7.3040 0.0333 0.0365 
Ba 0.0404 137.3270 5.5510 0.0253 0.0331 
La 0.0289 138.9055 4.0100 0.0183 0.0273 
Rh 0.0285 102.9055 2.9320 0.0134 0.0171 
Pr 0.0258 140.9077 3.6400 0.0166 0.0253 
Tc 0.0258 98.0000 2.5260 0.0115 0.0118 
Sm 0.0234 150.3600 3.5220 0.0161 0.0246 
Sr 0.0181 87.6200 1.5830 0.0072 0.0176 
Y 0.0099 88.9059 0.8820 0.0040 0.0147 
  
Total: 83.4460 N/A 0.3808 0.4539 
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Appendix 2-6. Sub Alloy(s) for U15%BU-U10Zr Square Flop Burnup Surrogate. 
Sub Alloy(s) Used To Make Overall Alloy 
High Temperature Pellet 
Element Pre Pellet Mass (g) Wt% 
Mo 0.0544 31.19 
Ru 0.0534 30.62 
Zr 0.0480 27.52 
Rh 0.0186 10.67 
Total: 0.1744 100.00 
 
Post Press Mass(g) 0.1602 
   
Arc Melting Components 
Component Pre Arc Mass (g) 
U5Zr + Zr Disc 3.6207 
High Temperature Pellet 0.1602 
Lanthanides 0.1930 
Pd + Tc 0.0500 
Ba + Sr 0.0507 
Total: 4.0746 
 
 
2.2 10%BU-U10Zr Sample Preparation 
 
The high temperature pellet, Pd, Tc, lanthanides, excess Zr disc, U10Zr, and excess U disc were arc 
melted together four times for a mass of 4.0453 g. Excess U was included as the U10Zr mass dropped 
0.2208 g below the 3.7061 g target mass in the preparation steps. The Ba-Sr segment was added and arc 
melted four times. Flop casting was attempted and later abandoned. The resultant sample was re-
homogenized for a final mass of 4.0100 g. Final total sample loss after thirteen arcs was 0.0875g with a 
mass loss per arc at 0.0067g/arc. 
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Appendix 2-7. U10Zr Contributions and Fission Breakdown Pre-Arc Masses for 10%BU-U10Zr. 
U10Zr Contributions 
Total Zr need 
(FP +Fuel) 
Fuel Alloy 
U (g) 
Amount Zr 
from U10Zr (g) 
Additional 
Zr Need (g) 
Additional Zr 
Added (g) 
Total U10Zr 
Need (g) 
U10Zr 
Added (g) 
0.4413 3.3354 0.3706 0.0707 0.0912 3.7061 3.4853 
       
Fission Product Mixture 
Fission 
Product 
AVG Molar 
Fraction 
MW (g/mol) 
Scaled Mass 
Yields (g) 
Scale Factor 
Desired 
Mass (g) 
Pre Arc 
Mass (g) 
Mo 0.1128 95.9400 10.8220 
0.0030 
0.0326 0.0327 
Ru 0.1062 101.0700 10.7290 0.0324 0.0322 
Zr 0.1035 91.2240 9.4440 0.0285 0.0291 
Nd 0.0852 144.2400 12.2920 0.0371 0.0383 
Pd 0.0771 106.4200 8.2090 0.0248 0.0248 
Ce 0.0521 140.1160 7.3040 0.0220 0.0324 
Ba 0.0404 137.3270 5.5510 0.0167 0.0262 
La 0.0289 138.9055 4.0100 0.0121 0.0214 
Rh 0.0285 102.9055 2.9320 0.0088 0.0117 
Pr 0.0258 140.9077 3.6400 0.0110 0.0212 
Tc 0.0258 98.0000 2.5260 0.0076 0.0080 
Sm 0.0234 150.3600 3.5220 0.0106 0.0207 
Sr 0.0181 87.6200 1.5830 0.0048 0.0151 
Y 0.0099 88.9059 0.8820 0.0027 0.0115 
  
Total: 83.4460 N/A 0.2517 0.3253 
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Appendix 2-8. Sub Alloy(s) for U10%BU-U10Zr Burnup Surrogate. 
Sub Alloy(s) Used To Make Overall Alloy 
High Temperature Pellet  F.P. + Fuel without Ba-Sr 
Element 
Pre Pellet 
Mass (g) 
Wt%  Component 
Pre Arc Mass 
(g) 
Mo 0.0379 30.91  Mo/Ru/Zr/Rh Pellet 0.1057 
Ru 0.0374 30.51  lanthanides 0.1455 
Zr 0.0337 27.49  U(disc) 0.1957 
Rh 0.0136 11.09  Zr(disc) 0.0912 
Total: 0.1226 100.00  Pd 0.0248 
 
Post Press Mass(g) 0.1057  Tc 0.0080 
    U10Zr 3.4853 
F.P. + Fuel with Ba-Sr Addition   Total: 0.5709 
Component Pre Arc-Mass (g)     
Ba 0.0262  Notes 
Sr 0.0151  Ba-Sr addition occurred last after arc melts of 
all other constituents. FP + Fuel 4.0453  
 
 
2.3  7%BU-U10Zr Sample Preparation 
 
Batch preparation conditions for 7%BU-U10Zr are presented. Samples are broken down by batch 
preparation, U10Zr contributions, fission product breakdown, and sub-alloy additions. 
 
2.3.1 7%BU-U10Zr Batch 1 
 
High temperature pellet of Mo, Ru, Zr, and Rh was pressed and Pd and Tc included as additional 
sample sections. Excess Zr required for U10Zr contribution was accidently omitted from the sample and 
should be taken into account for analysis.  Lanthanide constituents were arced and flipped four times with 
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high temperature metals and U10Zr for a sample mass of 3.9935 g. Resulting burnup surrogate mass was 
arc-flipped with Ba-Sr constituents four times for a final burnup surrogate mass of 3.9985 g. Final total 
sample loss after eight arcs 0.0475 g with a mass loss per arc at 0.0059 g/arc. If theoretical mass for Zr 
excess of 0.0484 g was included the total pre-arc mass added would have been 4.0944 g.  
 
Appendix 2-9. U10Zr Contributions and Fission Breakdown Pre-Arc Masses for 7%BU-U10Zr Batch 1. 
U10Zr Contributions 
Total Zr need 
(FP +Fuel) 
Fuel Alloy U 
(g) 
Amount Zr from 
U10Zr (g) 
Additional Zr 
Need (g) 
Additional 
Zr Added (g) 
Total U10Zr 
Need (g) 
U10Zr 
Added 
(g) 
0.4281 3.4171 0.3797 0.0484 0.0000 3.7968 3.7905 
       
Fission Product Mixture 
Fission 
Product 
AVG Molar 
Fraction 
MW(g/mol) 
Scaled Mass 
Yields(g) 
Scale Factor 
Desired 
Mass 
Pre Arc 
Mass 
Mo 0.1128 95.9400 10.8220 
0.0021 
0.0226 0.0240 
Ru 0.1062 101.0700 10.7290 0.0224 0.0238 
Zr 0.1035 91.2240 9.4440 0.0198 0.0214 
Nd 0.0852 144.2400 12.2920 0.0257 0.0350 
Pd 0.0771 106.4200 8.2090 0.0172 0.0171 
Ce 0.0521 140.1160 7.3040 0.0153 0.0223 
Ba 0.0404 137.3270 5.5510 0.0116 0.0209 
La 0.0289 138.9055 4.0100 0.0084 0.0173 
Rh 0.0285 102.9055 2.9320 0.0061 0.0096 
Pr 0.0258 140.9077 3.6400 0.0076 0.0167 
Tc 0.0258 98.0000 2.5260 0.0053 0.0055 
Sm 0.0234 150.3600 3.5220 0.0074 0.0165 
Sr 0.0181 87.6200 1.5830 0.0033 0.0133 
Y 0.0099 88.9059 0.8820 0.0018 0.0120 
  
Total: 83.4460 N/A 0.1746 0.2555 
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Appendix 2-10. Sub Alloy(s) for U7%BU-U10Zr Batch 1 Burnup Surrogate. 
Sub Alloy(s) Used To Make Overall Alloy 
High Temperature Pellet  F.P. + Fuel without Ba-Sr 
Element Pre Pellet Mass (g) Wt%  Component 
Pre Arc Mass 
(g) 
Mo 0.0279 30.43  Mo/Ru/Zr/Rh Pellet 0.0789 
Ru 0.0277 30.21  Lanthanides 0.1198 
Zr 0.0249 27.15  U10Zr 3.7905 
Rh 0.0112 12.21  Pd 0.0171 
Total: 0.0917 100.00  Tc 0.0055 
 Post Press Mass(g) 0.0789  Total: 4.0118 
      
F.P. + Fuel with Ba-Sr Addition     
Component Pre Arc-Mass (g)     
Ba 0.0209     
Sr 0.0133   Notes 
FP + Fuel 3.9935   Ba-Sr addition occurred last after arc 
melts of all other constituents. Total: 4.0277   
 
 
2.3.2 7%BU-U10Zr Batch 2 
 
Material availability once again led to the use of U10Zr from U5Zr and excess Zr. A High 
temperature pellet of Mo, Ru, Rh, and Zr was pressed. The Pd, Tc, U5Zr, and Excess Zr were included as 
sample sections. Associate samples were arc-flipped two times with a mass of 4.0159 g. The Ba-Sr 
constituents were added and arc-flipped four times. During the sample preparation process, arc melter 
maintenance was required and the burnup surrogate was stored under mineral oil inside inert atmosphere 
glovebox. After completed maintenance, the sample was washed with hexane and arc melted once more 
for a final burnup surrogate mass of 3.9724 g. Final total sample loss after seven arcs was 0.0769 g with a 
mass loss per arc of 0.0110 g/arc. 
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Appendix 2-11. U10Zr Contributions and Fission Breakdown Pre-Arc Masses for 7%BU-U10Zr Batch 2. 
U10Zr from U5Zr and Excess Zr 
Theoretical  Actual 
Constituent Mass(g) Wt%  Constituent Mass Wt% 
Mass U5Zr 3.5969 N/A  U5Zr Added 3.5901 N/A 
U from 
U5Zr 
3.4171 95  
Excess Zr 
Added 
0.2270 N/A 
Zr from 
U5Zr 
0.1798 5  U Added 3.4106 89.35 
Addit. Zr 
Need 
0.2285 N/A  Zr Total 0.4065 10.65 
Total U + 
Zr 
3.7768 N/A  Total U + Zr 3.8171 100.00 
       
Fission Product Mixture 
Fission 
Product 
AVG Molar 
Fraction 
MW 
(g/mol) 
Scaled Mass 
Yields (g) 
Scale Factor 
Desired 
Mass 
Pre Arc 
Mass 
Mo 0.1128 95.9400 10.8220 
0.0021 
0.0226 0.0248 
Ru 0.1062 101.0700 10.7290 0.0224 0.0245 
Zr 0.1035 91.2240 9.4440 0.0198 0.0218 
Nd 0.0852 144.2400 12.2920 0.0257 0.0305 
Pd 0.0771 106.4200 8.2090 0.0172 0.0171 
Ce 0.0521 140.1160 7.3040 0.0153 0.0200 
Ba 0.0404 137.3270 5.5510 0.0116 0.0203 
La 0.0289 138.9055 4.0100 0.0084 0.0131 
Rh 0.0285 102.9055 2.9320 0.0061 0.0102 
Pr 0.0258 140.9077 3.6400 0.0076 0.0112 
Tc 0.0258 98.0000 2.5260 0.0053 0.0074 
Sm 0.0234 150.3600 3.5220 0.0074 0.0114 
Sr 0.0181 87.6200 1.5830 0.0033 0.0131 
Y 0.0099 88.9059 0.8820 0.0018 0.0068 
  
Total 83.4460 N/A 0.1746 0.2322 
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Appendix 2-12. Sub Alloy(s) for U7%BU-U10Zr Batch 2 Burnup Surrogate. 
Sub Alloy(s) Used To Make Overall Alloy 
High Temperature Pellet  F.P. + Fuel without Ba-Sr 
Element Pre Pellet Mass Wt%  Component 
Pre Arc 
Mass (g) 
Mo 0.0278 30.52  U5Zr + Zr Disc 3.8171 
Ru 0.0275 30.19  
H. Temperature 
Pellet 
0.0813 
Zr 0.0244 26.78  Lanthanides 0.0930 
Rh 0.0114 12.51  Pd + Tc 0.0245 
Total: 0.0911 100.00  Total: 4.0159 
 Post Press Mass (g) 0.0813    
      
F.P. + Fuel with Ba-Sr Addition     
Ba 0.0203     
Sr 0.0131   Notes 
FP + Fuel 4.0062   Ba-Sr addition occurred last after arc 
melts of all other constituents. Total: 4.0396   
 
 
2.3.3 7%BU-U10Zr Batch 3 
 
Material availability once again led to the use of U10Zr from U5Zr and excess Zr. A High 
temperature pellet of Mo, Ru, Rh, and Zr was pressed. Pd, Tc, U5Zr, and Excess Zr were included as 
sample sections. Constituents were arc-flipped two times for a mass of 4.0275 g. The Ba-Sr constituents 
were added and arc-flipped three times for a final burnup surrogate mass of 4.0201 g. Final total sample 
mass loss after 5 arc was 0.0579g with a mass loss per arc of 0.0116g/arc.  
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Appendix 2-13. Sub Alloy(s) for U7%BU-U10Zr Batch 3 Burnup Surrogate. 
Sub Alloy(s) Used To Make Overall Alloy 
High Temperature Pellet  F.P. + Fuel without Ba-Sr 
Element Pre Pellet Mass Wt%  Component 
Pre Arc Mass 
(g) 
Mo 0.0272 30.02  U5Zr + Zr Disc 3.8446 
Ru 0.0270 29.80  
H. Temperature 
Pellet 
0.0762 
Zr 0.0250 27.59  Lanthanides 0.0919 
Rh 0.0114 12.58  Pd + Tc 0.0245 
Total: 0.0906 100.00  Total: 4.0372 
 Post Press Mass (g) 0.0762    
      
F.P. + Fuel with Ba-Sr Addition     
Component Pre-Arc Mass     
Ba 0.0219     
Sr 0.0138   Notes 
FP + Fuel 4.0275   Ba-Sr addition occurred last after arc 
melts of all other constituents. Total: 4.0632   
 
 
2.4  U15%BU-Pu-U10Zr Burnup Surrogates 
Batch preparation conditions for 15%BU-U10Zr. Samples are broken down by batch preparation, 
U10Zr contributions, and fission product breakdown.  
 
2.4.1 U15%BU-Pu-U10Zr Batch 1 
 
High temperature pellet of Mo, Ru, Zr, and Rh was pressed with excess Zr. All other constituents 
were arced and flipped with the high temperature elements three times. Largest mass loss occurred after 
the second arc melt. This is because higher volatility constituents previously oriented at the bottom are 
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flipped towards electrode for homogenization. Final burnup surrogate mass was 3.1910 g with a total 
sample loss after three arcs of 0.0407 g and mass loss per arc of 0.0136 g/arc. 
 
Appendix 2-14. U10Zr Contributions and Fission Breakdown Pre-Arc Masses for 15%BU-Pu-U10Zr 
Batch 1. 
U10Zr Contributions 
Total Zr need 
(FP +Fuel) 
Fuel Alloy 
U (g) 
Amount Zr 
from U10Zr (g) 
Additional 
Zr Need (g) 
Additional Zr 
Added (g) 
Total U10Zr 
Need (g) 
U10Zr 
Added (g) 
0.3637 2.2376 0.2486 0.1150 0.1109 2.4863 2.4857 
       
Fission Product Mixture 
Fission  
Product 
AVG 
Molar 
Fractio 
MW 
(g/mol) 
Scaled Mass 
Yields (g) 
Scale Factor 
Desired 
Mass (g) 
Pre Arc 
Mass (g) 
Mo 0.1128 95.9400 10.8220 
0.0036 
0.0389 0.0405 
Ru 0.1062 101.0700 10.7290 0.0386 0.0404 
Zr 0.1035 91.2240 9.4440 0.0340 0.1109 
Nd 0.0852 144.2400 12.2920 0.0442 0.0533 
Pd 0.0771 106.4200 8.2090 0.0295 0.0293 
Ce 0.0521 140.1160 7.3040 0.0263 0.0360 
Ba 0.0404 137.3270 5.5510 0.0200 0.0293 
La 0.0289 138.9055 4.0100 0.0144 0.0236 
Rh 0.0285 102.9055 2.9320 0.0105 0.0143 
Pr 0.0258 140.9077 3.6400 0.0131 0.0228 
Tc 0.0258 98.0000 2.5260 0.0091 0.0086 
Sm 0.0234 150.3600 3.5220 0.0127 0.0222 
Sr 0.0181 87.6200 1.5830 0.0057 0.0161 
Y 0.0099 88.9059 0.8820 0.0032 0.0137 
  
Total: 83.4460 N/A 0.3001 0.4609 
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Appendix 2-15. Sub-set Additions for U15%BU-Pu-U10Zr Batch 1 Burnup Surrogate. 
Sub-Set(s) Used To Make Overall Alloy 
High Temperature Pellet  FP + Fuel Alloy 
Element Pre Pellet Mass (g) Wt%  Component 
Pre Arc 
Mass (g) 
Mo 0.0437 19.64  U10Zr + Pu 2.7708 
Ru 0.0436 19.60  
H. Temperature 
Pellet 
0.2060 
Zr 0.1198 53.84  Tc + Pd 0.0379 
Rh 0.0154 6.92  Lanthanides 0.1716 
Total: 0.2225 100.00  Ba + Sr 0.0454 
 Post Press Mass (g) 0.2060  Total: 3.2317 
      
Mass Information Breakdown by Arc  
Arc# Pre Arc Post Arc Total Mass Loss (g)  
1 3.2317 3.2182 0.0135  
2 3.2182 3.2035 0.0147  
3 3.2035 3.1910 0.0125  
 
 
2.4.2 U15%BU-Pu-U10Zr Batch 2 
 
For batch two, Pu mass 0.1368 g was used to calculate constituent masses. All other preparation 
steps remained the same as batch one. Sample mass loss information after each arc melt was not recorded 
for batch 2, as it was assumed to be similar to batch one. Final burnup surrogate mass was 1.3610 g with a 
total sample loss of 0.0376 g at 0.0125 g/arc. Final total mass loss was calculated based on pre-arc mass 
additions with a theoretical Pu mass of 0.1160 g Pu. Comparing this to the final mass of 1.3610 g, actual 
sample mass deviated by 0.0208 g. Sample masses for 0.1368 g and 0.1160 g Pu masses are ~10% and 
~6% off expected values, respectively. Mass loss per arc in total is still similar to batch two. 
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Appendix 2-16. U10Zr Contributions and Fission Breakdown Pre-Arc Masses for 15%BU-Pu-U10Zr 
Batch 2. 
U10Zr Contributions 
Total Zr need 
(FP +Fuel) 
Fuel 
Alloy U 
(g) 
Amount Zr 
from U10Zr (g) 
Additional Zr 
Need (g) 
Additional Zr 
Added (g) 
Total U10Zr 
Need (g) 
U10Zr 
Added (g) 
0.1745 1.0737 0.1193 0.0552 0.0469 1.1930 1.0124 
       
Fission Product Mixture 
Fission 
Product 
AVG n 
MW 
(g/mol) 
Scaled Mass 
Yields (g) 
Scale Factor 
Desired 
Mass (g) 
Pre Arc 
Mass (g) 
Mo 0.1128 95.9400 10.8220 
0.0017 
0.0187 0.0161 
Ru 0.1062 101.0700 10.7290 0.0185 0.0161 
Zr 0.1035 91.2240 9.4440 0.0163 0.0146 
Nd 0.0852 144.2400 12.2920 0.0212 0.0268 
Pd 0.0771 106.4200 8.2090 0.0142 0.0125 
Ce 0.0521 140.1160 7.3040 0.0126 0.0196 
Ba 0.0404 137.3270 5.5510 0.0096 0.0171 
La 0.0289 138.9055 4.0100 0.0069 0.0149 
Rh 0.0285 102.9055 2.9320 0.0051 0.0072 
Pr 0.0258 140.9077 3.6400 0.0063 0.0144 
Tc 0.0258 98.0000 2.5260 0.0044 0.0047 
Sm 0.0234 150.3600 3.5220 0.0061 0.0141 
Sr 0.0181 87.6200 1.5830 0.0027 0.0126 
Y 0.0099 88.9059 0.8820 0.0015 0.0118 
  
Total: 83.4460 N/A 0.1440 0.2025 
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Appendix 2-17. Sub-Set Additions(s) for U15%BU-Pu-U10Zr Batch 2 Burnup Surrogate. 
Sub-Sets(s) Used To Make Overall Alloy 
High Temperature Pellet  FP + Fuel Alloy 
Element Pre Pellet Mass (g) Wt%  Component 
Pre Arc Mass 
(g) 
Mo 0.0209 29.90  U10Zr + Pu 1.1492 
Ru 0.0208 29.76  
H.Temperature 
Pellet 
0.0540 
Zr 0.0189 27.04  Tc + Pd 0.0469 
Rh 0.0093 13.30  Lanthanides 0.0172 
Total: 0.0699 100.00  Ba + Sr 0.1016 
 Post Press Mass (g) 0.2060  Total: 0.0297 
      
      
Pu Mass Calculations(g)  Pu Amount Comparison 
Pu at 0.1160 Calc Mass 1.2827  Pu Mass (g) 0.1368 0.1160 
Mass Added 1.3986  %Error 10.03 6.10 
Final Mass 1.3610     
Total Mass Loss 0.0376     
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Appendix-III 
Appendix 3-1. Results of Examinations of Fuel Elements Irradiated in EBR-II from Keiser.
43
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Appendix 3-2. Room-Temperature Densities of As-Cast U-Zr alloys. Blue and Red Dots Represent 
Experimentally Measured Densities. Reproduced from: Figure 14 by Janney.
74
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Appendix 3-3. 10%BU-U10Zr Sample Compositional Average and Pre-Arc Mass Additions. 
Pre-Arc Elemental Information Average Composition (Wt%) Overall  
Average Element Pre-Arc Mass (g) Wt% Sample 1 Sample 2 Sample 3 
U 3.3325 81.91 73.72 77.76 79.91 77.13 
Zr 0.4397 10.81 11.74 10.84 10.05 10.88 
Mo 0.0327 0.80 2.29 2.19 1.67 2.05 
Tc 0.0080 0.20 0.20 0.25 0.37 0.27 
Ru 0.0322 0.79 1.43 1.27 1.18 1.29 
Rh 0.0117 0.29 0.09 0.01 0.11 0.07 
Pd 0.0248 0.61 1.29 0.99 0.93 1.07 
Y 0.0115 0.28 2.27 2.18 1.29 1.91 
La 0.0214 0.53 0.79 0.10 0.28 0.39 
Ce 0.0324 0.80 0.78 0.35 0.51 0.55 
Pr 0.0212 0.52 0.57 0.21 0.47 0.42 
Nd 0.0383 0.94 0.86 0.42 0.35 0.54 
Sm 0.0207 0.51 0.03 0.00 0.17 0.07 
Ba 0.0262 0.64 0.19 0.00 0.08 0.09 
Sr 0.0151 0.37 3.76 3.44 2.65 3.28 
Total 4.0684 100.0 100.00 100.00 100.00 100.00 
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Appendix 3-4. Compositional Analysis by EDS of 10%BU-U10Zr Sections 
 
Sample 1 Sample 2 Sample 3 
 
Top Bottom Avg Top Bottom Avg Top Bottom Avg 
Element 
SOI 
1 
SOI 
2 
SOI 
1 
SOI 
2 
Wt
% 
SOI 
1 
SOI 
1 
SOI 
2 
Wt
% 
SOI 
1 
SOI 
2 
SOI 
1 
SOI 
2 
Wt
% 
U 
71.
36 
73.56 75.30 74.66 
73.7
2 
73.67 78.25 81.35 
77.7
6 
78.26 83.80 85.33 72.26 
79.9
1 
Zr 
12.
54 
12.29 10.77 11.37 
11.7
4 
12.28 10.49 9.74 
10.8
4 
10.76 9.03 8.75 11.64 
10.0
5 
Mo 
2.0
0 
1.89 2.53 2.72 2.29 2.74 2.10 1.73 2.19 1.79 0.74 1.12 3.02 1.67 
Tc 
0.0
3 
0.43 0.17 0.18 0.20 0.08 0.32 0.36 0.25 0.61 0.56 0.31 0.00 0.37 
Ru 
1.3
8 
1.34 1.52 1.48 1.43 1.40 1.24 1.18 1.27 1.19 0.85 1.10 1.59 1.18 
Rh 
0.0
0 
0.35 0.00 0.00 0.09 0.00 0.01 0.01 0.01 0.24 0.08 0.10 0.00 0.11 
Pd 
1.5
6 
1.57 0.98 1.03 1.29 1.14 0.99 0.83 0.99 1.05 0.82 1.06 0.80 0.93 
Y 
2.4
2 
1.11 2.55 2.99 2.27 3.54 1.98 1.03 2.18 0.69 0.00 0.34 4.14 1.29 
La 
0.9
6 
1.56 0.28 0.35 0.79 0.00 0.22 0.08 0.10 0.32 0.46 0.00 0.32 0.28 
Ce 
1.2
7 
0.89 0.75 0.21 0.78 0.14 0.44 0.47 0.35 0.46 0.86 0.00 0.70 0.51 
Pr 
1.0
0 
0.64 0.64 0.00 0.57 0.00 0.28 0.36 0.21 0.51 0.92 0.00 0.44 0.47 
Nd 
1.5
4 
1.22 0.51 0.15 0.86 0.53 0.32 0.40 0.42 0.32 0.54 0.29 0.23 0.35 
Sm 
0.1
2 
0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.20 0.46 0.00 0.00 0.17 
Ba 
0.1
0 
0.41 0.00 0.26 0.19 0.00 0.00 0.00 0.00 0.33 0.00 0.00 0.00 0.08 
Sr 
3.7
1 
2.72 3.99 4.60 3.76 4.49 3.37 2.45 3.44 3.27 0.90 1.58 4.86 2.65 
Total 
100
.0 
100.0 100.0 100.0 
100.
0 
100.0 100.0 100.0 
100.
0 
100.0 100.0 100.0 100.0 
100.
0 
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Appendix 3-5. 7%BU-U10Zr Batch 2 Sample Compositional Average and Pre-Arc Mass Additions 
Pre-Arc Elemental 
Information 
Average Composition (Wt%) 
Burnup Surrogate Total 
(wt%) 
Element 
Pre-Arc 
Mass (g) 
Wt% Sample 1 Sample 2 Sample 3 
Overall 
Average 
Deviation 
U 3.4106 83.56 83.42 80.93 75.32 79.89 4.79 
Zr 0.4065 11.28 11.48 12.18 13.67 12.44 -2.35 
Mo 0.0248 0.61 0.53 0.62 0.32 0.49 0.13 
Tc 0.0074 0.18 0.43 0.32 0.17 0.31 -0.12 
Ru 0.0245 0.60 0.74 0.85 0.72 0.77 -0.16 
Rh 0.0102 0.25 0.12 0.13 0.17 0.14 0.11 
Pd 0.0171 0.42 0.84 1.10 1.08 1.01 -0.58 
Y 0.0068 0.17 0.01 0.16 0.00 0.06 0.11 
La 0.0131 0.32 0.32 0.71 1.83 0.95 -0.63 
Ce 0.02 0.49 0.39 0.47 1.55 0.80 -0.31 
Pr 0.0112 0.27 0.26 0.35 1.21 0.61 -0.33 
Nd 0.0305 0.75 0.73 1.45 2.91 1.70 -0.94 
Sm 0.0114 0.28 0.05 0.00 0.00 0.02 0.27 
Ba 0.0203 0.50 0.02 0.05 0.11 0.06 0.44 
Sr 0.0131 0.32 0.67 0.68 0.93 0.76 -0.43 
Total 4.0815 100.0 100.00 100.00 100.00 100.00 N/A 
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Appendix 3-6. 7%BU-U10Zr Batch 2 Compositional Analysis by EDS 
 
Sample 1 Sample 2 Sample 3 
 
Top 
(Wt.%) 
Bottom 
(Wt.%) 
Average 
Top 
(Wt.%) 
Bottom 
(Wt.%) 
Average 
Top 
(Wt%) 
Average 
 
SOI 1 SOI2 SOI 1 SOI2 Wt.% SOI 1 SOI 1 Wt.% Wt.% SOI 1 Wt.% 
U 84.77 83.67 81.63 83.60 83.42 78.30 82.40 82.08 80.93 75.32 75.32 
Zr 11.41 11.07 11.70 11.72 11.48 12.67 11.61 12.27 12.18 13.67 13.67 
Mo 0.17 0.86 0.59 0.51 0.53 0.58 0.67 0.60 0.62 0.32 0.32 
Tc 0.45 0.28 0.37 0.61 0.43 0.32 0.41 0.23 0.32 0.17 0.17 
Ru 0.44 0.86 0.88 0.77 0.74 0.95 0.76 0.85 0.85 0.72 0.72 
Rh 0.04 0.31 0.00 0.11 0.12 0.13 0.23 0.04 0.13 0.17 0.17 
Pd 0.62 0.80 0.96 0.96 0.84 1.34 1.07 0.89 1.10 1.08 1.08 
Y 0.00 0.04 0.00 0.00 0.01 0.47 0.00 0.00 0.16 0.00 0.00 
La 0.00 0.43 0.71 0.14 0.32 1.36 0.37 0.39 0.71 1.83 1.83 
Ce 0.33 0.41 0.75 0.08 0.39 0.60 0.36 0.45 0.47 1.55 1.55 
Pr 0.22 0.12 0.55 0.16 0.26 0.26 0.33 0.47 0.35 1.21 1.21 
Nd 0.68 0.48 1.15 0.62 0.73 2.28 1.05 1.02 1.45 2.91 2.91 
Sm 0.06 0.14 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 
Ba 0.00 0.00 0.00 0.09 0.02 0.00 0.16 0.00 0.05 0.11 0.11 
Sr 0.80 0.54 0.70 0.63 0.67 0.73 0.58 0.72 0.68 0.93 0.93 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
 
 
 
 
 
 
 
 
 
168 
 
3.1 U15%-Pu-U10Zr Batch 1 EDS Maps 
 
Appendix 3-7. U15%BU-U10Zr Batch 1, Section 1: Bottom Face: Region of Interest 1 EDS Maps. 
 
 
Appendix 3-8. U15%BU-U10Zr Batch 1, Section 2 Bottom Face: Region of Interest 1 EDS Maps at 100x  
 
169 
 
 
Appendix 3-9. U15%BU-U10Zr Batch 1, Section 2 Bottom Face: Region of Interest 2 EDS Maps at 100x 
 
 
 
Appendix 3-10. U15%BU-U10Zr Batch 1, Section 2 Bottom Face: Region of Interest 3 EDS Maps at 
250x 
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Appendix 3-11. U15%BU-U10Zr Batch 1, Section 2 Bottom Face: Region of Interest 4 EDS Maps at 
1500x 
 
 
Appendix 3-12. U15%BU-U10Zr Batch 1, Section 2 Bottom Face: Region of Interest 5 EDS Maps at 
100x 
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Appendix 3-13. U15%BU-U10Zr Batch 1, Section 2 Bottom Face: Region of Interest 6 EDS Maps at 
500x 
 
 
Appendix 3-14. U15%BU-U10Zr Batch 1, Section 2 Bottom Face: Region of Interest 7 EDS Maps at 50x 
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Appendix 3-15. U15%BU-U10Zr Batch 1, Section 3 Top Face: Region of Interest 1 EDS at 50x 
 
 
Appendix 3-16. U15%BU-U10Zr Batch 1, Section 3 Bottom: Region of Interest 1 EDS Maps at 50x 
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Appendix 3-17. U15%BU-U10Zr Batch 1, Section 3 Bottom: Region of Interest 2 EDS Maps at 100x 
 
 
Appendix 3-18. U15%BU-U10Zr Batch 1, Section 3 Bottom: Region of Interest 3 EDS Maps at 100x 
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Appendix 3-19. U15%BU-U10Zr Batch 1, Section 3 Bottom: Region of Interest 4 EDS Maps at 250x 
 
 
 
 
 
 
 
 
 
 
175 
 
3.2 U15%-Pu-U10Zr Batch 2 EDS Maps 
 
 
Appendix 3-20. U15%BU-U10Zr Batch 2, Section 1: Bottom Face Region of Interest 1 EDS Maps at 
150x 
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Appendix 3-21. U15%BU-U10Zr Batch 2, Section 1: Bottom Face Region of Interest 2 EDS Maps at 
250x 
 
 
Appendix 3-22. U15%BU-U10Zr Batch 2, Section 2: Top Face Region of Interest 1 EDS Maps at 150x. 
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Appendix 3-23. U15%BU-U10Zr Batch 2, Section 2: Top Face Region of Interest 2 EDS Maps at 250x 
 
 
 
Appendix 3-24.U15%BU-U10Zr Batch 2, Section 2: Bottom Face Region of Interest 1 EDS Maps at 
150x 
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Appendix 3-25.U15%BU-U10Zr Batch 2, Section 2: Bottom Face Region of Interest 2 EDS Maps at 
250x. 
 
 
Appendix 3-26. U15%BU-U10Zr Batch 2, Section 3: Top Face Region of Interest 1 EDS Maps at 15 
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Appendix 3-27. U15%BU-U10Zr Batch 2, Section 3: Top Face Region of Interest 2 BSE Quantitative 
Area Map of High Temperature Region at 250x 
 
 
 
Appendix 3-28. U15%BU-U10Zr Batch 2, Section 3: Top Face Region of Interest 3 EDS Maps at 150x 
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Appendix 3-29.U15%BU-U10Zr Batch 2, Section 3: Bottom Face Region of Interest 1 EDS Maps at 
150x 
 
 
 
Appendix 3-30. U15%BU-U10Zr Batch 2, Section 3: Bottom Face Region of Interest 2 EDS Maps at 
150x. 
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Appendix 3-31.U15%BU-U10Zr Batch 2, Section 3: Bottom Face Region of Interest 3 EDS Maps at 
250x 
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Appendix-IV 
4.1 Compositional Summaries and EDS Data for Thermal Analysis 
 
Appendix 4-1. Compositional Analysis by EDS of 10%BU-U10Zr Sections 
 
Sample 1 Sample 2 Sample 3 
 
Top Bottom Avg Top Bottom Avg Top Bottom Avg 
Element SOI 1 SOI 2 SOI 1 SOI 2 Wt% SOI 1 SOI 1 SOI 2 Wt% SOI 1 SOI 2 SOI 1 SOI 2 Wt% 
U 71.36 73.56 75.30 74.66 73.72 73.67 78.25 81.35 77.76 78.26 83.80 85.33 72.26 79.91 
Zr 12.54 12.29 10.77 11.37 11.74 12.28 10.49 9.74 10.84 10.76 9.03 8.75 11.64 10.05 
Mo 2.00 1.89 2.53 2.72 2.29 2.74 2.10 1.73 2.19 1.79 0.74 1.12 3.02 1.67 
Tc 0.03 0.43 0.17 0.18 0.20 0.08 0.32 0.36 0.25 0.61 0.56 0.31 0.00 0.37 
Ru 1.38 1.34 1.52 1.48 1.43 1.40 1.24 1.18 1.27 1.19 0.85 1.10 1.59 1.18 
Rh 0.00 0.35 0.00 0.00 0.09 0.00 0.01 0.01 0.01 0.24 0.08 0.10 0.00 0.11 
Pd 1.56 1.57 0.98 1.03 1.29 1.14 0.99 0.83 0.99 1.05 0.82 1.06 0.80 0.93 
Y 2.42 1.11 2.55 2.99 2.27 3.54 1.98 1.03 2.18 0.69 0.00 0.34 4.14 1.29 
La 0.96 1.56 0.28 0.35 0.79 0.00 0.22 0.08 0.10 0.32 0.46 0.00 0.32 0.28 
Ce 1.27 0.89 0.75 0.21 0.78 0.14 0.44 0.47 0.35 0.46 0.86 0.00 0.70 0.51 
Pr 1.00 0.64 0.64 0.00 0.57 0.00 0.28 0.36 0.21 0.51 0.92 0.00 0.44 0.47 
Nd 1.54 1.22 0.51 0.15 0.86 0.53 0.32 0.40 0.42 0.32 0.54 0.29 0.23 0.35 
Sm 0.12 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.20 0.46 0.00 0.00 0.17 
Ba 0.10 0.41 0.00 0.26 0.19 0.00 0.00 0.00 0.00 0.33 0.00 0.00 0.00 0.08 
Sr 3.71 2.72 3.99 4.60 3.76 4.49 3.37 2.45 3.44 3.27 0.90 1.58 4.86 2.65 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
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Appendix 4-2. 7%BU-U10Zr Batch 2 Compositional Analysis by EDS 
 
Sample 1 Sample 2 Sample 3 
 
Top 
(Wt.%) 
Bottom 
(Wt.%) 
Average 
Top 
(Wt.%) 
Bottom 
(Wt.%) 
Average 
Top 
(Wt.%) 
Average 
 
SOI 1 SOI2 SOI 1 SOI2 Wt.% SOI 1 SOI 1 Wt.% Wt.% SOI 1 Wt.% 
U 84.77 83.67 81.63 83.60 83.42 78.30 82.40 82.08 80.93 75.32 75.32 
Zr 11.41 11.07 11.70 11.72 11.48 12.67 11.61 12.27 12.18 13.67 13.67 
Mo 0.17 0.86 0.59 0.51 0.53 0.58 0.67 0.60 0.62 0.32 0.32 
Tc 0.45 0.28 0.37 0.61 0.43 0.32 0.41 0.23 0.32 0.17 0.17 
Ru 0.44 0.86 0.88 0.77 0.74 0.95 0.76 0.85 0.85 0.72 0.72 
Rh 0.04 0.31 0.00 0.11 0.12 0.13 0.23 0.04 0.13 0.17 0.17 
Pd 0.62 0.80 0.96 0.96 0.84 1.34 1.07 0.89 1.10 1.08 1.08 
Y 0.00 0.04 0.00 0.00 0.01 0.47 0.00 0.00 0.16 0.00 0.00 
La 0.00 0.43 0.71 0.14 0.32 1.36 0.37 0.39 0.71 1.83 1.83 
Ce 0.33 0.41 0.75 0.08 0.39 0.60 0.36 0.45 0.47 1.55 1.55 
Pr 0.22 0.12 0.55 0.16 0.26 0.26 0.33 0.47 0.35 1.21 1.21 
Nd 0.68 0.48 1.15 0.62 0.73 2.28 1.05 1.02 1.45 2.91 2.91 
Sm 0.06 0.14 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 
Ba 0.00 0.00 0.00 0.09 0.02 0.00 0.16 0.00 0.05 0.11 0.11 
Sr 0.80 0.54 0.70 0.63 0.67 0.73 0.58 0.72 0.68 0.93 0.93 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
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Appendix 4-3. Quantitative Results from U10Zr-Pu-15%BU- Batch #1 for High Temperature Alloy with 
U Preparation.  
Quantitative Results from U10Zr-Pu-15%BU- Batch #1 
Sect 2 2 2 3 (TOP) 
Average 
ROI 1 2 4 1 
 
Wt% Wt% Wt% Wt% Wt% 
U 82.60 16.10 34.50 45.50 44.68 
Pu 6.40 6.50 6.00 9.30 7.05 
U/Pu 12.90 2.50 5.70 4.90 6.50 
Zr 6.10 36.10 27.30 12.70 20.55 
Mo 0.50 11.90 11.30 19.20 10.73 
Tc 0.30 0.00 0.00 0.00 0.08 
Ru 0.90 12.30 10.40 4.00 6.90 
Rh 0.40 4.70 4.20 1.40 2.68 
Pd 1.50 1.90 1.80 1.30 1.63 
La 0.00 0.60 0.70 0.40 0.43 
Ce 0.20 1.10 1.10 1.20 0.90 
Pr 0.30 0.70 0.50 0.40 0.48 
Nd 0.40 2.10 0.70 0.90 1.03 
Sm 0.00 0.50 0.30 0.30 0.28 
Y 0.00 0.00 0.00 0.00 0.00 
Ba 0.00 3.50 0.30 1.70 1.38 
*Sr 0.30 2.00 0.90 1.70 1.23 
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Appendix 4-4. Pre TGA/DSC SEM Summary of Non-Pu Burnup Alloys 
 
TGA/DSC Information 
Sample Section SEM Description 
7%BU-
U10Zr-
B2 
Sample 1, Top Homogenous distribution with U enhanced 
Sample 1, 
Bottom 
Homogenous distribution with U enhanced 
Sample 2, Top High temperature with Lanthanide phases at sample edges 
Sample 2, 
Bottom 
Homogenous distribution with U enhanced 
Sample 3, Top High temperature with Lanthanide phases at sample edges 
15%BU
-U10Zr-
Square 
Flop 
Sample 1, Top Homogenous distribution with Zr enhancement at edge of sample 
Sample 2, Top Homogenous distribution with U enhanced 
Sample 2, 
Bottom 
High temperature with Lanthanide phase at sample edge 
Sample 3, Top Homogenous distribution with U enhanced 
Sample 3, 
Bottom 
Homogenous distribution with U enhanced 
10%BU
-U10Zr 
Sample 1, Top Homogenous distribution w/lanthanide inclusions at periphery 
Sample 1, 
Bottom 
Homogenous distribution with U enhanced 
Sample 2, Top Homogenous distribution with U enhanced 
Sample 2, 
Bottom 
Homogenous distribution with U enhanced 
Sample 3, Top Homogenous distribution with U enhanced 
Sample 3, 
Bottom 
Homogenous distribution with U enhanced 
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Appendix 4-5. Pre TGA/DSC SEM Summary of Pu Alloys. 
Alloy Information TGA/DSC Information 
Sample 
Alloy 
Cast 
Date 
Section SEM Description 
15%BU-
Pu-U10Zr-
B2 
5/9/2017 
Sample 1, Top Homogenous distribution with U-Pu enhanced 
Sample 1, 
Bottom 
Some lanthanides present w/Zr; U-Pu phase exists towards sample center 
Sample 2, Top Homogenous distribution w/lanthanide inclusions at periphery 
Sample 2, 
Bottom 
Homogenous distribution with U-Pu enhanced 
Sample 3, Top Homogenous distribution w/lanthanide phase at periphery 
Sample 3, 
Bottom 
Lanthanide rich section with U-Pu phase inclusion 
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4.2 Thermograms 
 
 
 
Appendix 4-6. . TGA/DSC of Y12 Series in Al2O3 at 20kpm. (Top Left) Uranium (Top Right) U5Zr 
(Bottom) U10Zr. 
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4.3 Supplemental 
 
 
Appendix 4-7. Al-Zr Phase Diagram. 
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Appendix 4-8. Zr-Pd Phase Diagram. 
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